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J. Physiol. (1957) 137, 1-11 


THE CONTROL OF BODY TEMPERATURE 


IN. THERMAL BALANCE 


ERRATA 


8. D., Duxe, H. N., & M. (1957). J. Physiol. 136, 112-121. 
Table 2, last line under Lung blood vol. (ml.): for 5-0 read 15-0 
p- 117, line 5, for ordinate read abscissa. 
Fig. 7, abscissa, for P.A.p.—L.A.p. (cm saline) read P.A.p. (em saline) 


wide range of deep and superficial temperatures has led to the conclusion that 
the essential mechanisms of temperature regulation in man are concerned with 
a constant thermal balance, not a constant deep body temperature (Glaser, 
1949, 1953), and experiments have now been carried out in an attempt to find 
out how thermal balance could be achieved and maintained at different en- 
vironmental temperatures and after small disturbances of the heat load. 
Some preliminary findings have already been reported (Glaser & Newling, 
1955). 


METHODS 
Subjects and procedure. Three Chinese men who had lived in Singapore since birth or early 
childhood took part in the experiment. Their ages were 22-28 years, their heights 163-173 cm 
and their weights 50-6—-60-1 kg. They wore brief cotton shorts only and they lay still on a wheeled 
stretcher of loosely woven cane throughout each test. All subjects had taken part in similar 
experiments before, and they had a singular ability to lie still for long periods without any 
apparent interest in what was going on around them. 
Twenty-four tests were conducted, one at a time, in random sequence, and within a total period 
of 6 months. The subjects always had a light meal first, followed by a period ¢f adjustment which 
always began between 12.45 and 1 p.m. and during which they lay still in a warm room at 


* Present address of both authors: The London Hospital Medical College, London, E. 1. 
t Medical Research Council Scientific Staff. 
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J. Physiol. (1957) 137, 1-11 


THE CONTROL OF BODY TEMPERATURE 
IN THERMAL BALANCE 


By E. M. GLASER* anv P. 8. B. NEWLING+ 
From the Department of Physiology, University of Malaya, Singapore 


(Received 24 November 1956) 


Physiological responses to changes of environmental temperature or to changes 
of heat production have been investigated in much detail, but the processes 
which limit the resulting disturbances of the thermal state are not fully 
understood. Analogies with industrial and laboratory thermostats have been 
attempted (Burton, 1941; Glaser, 1953), but such attempts present difficulties 
because thermostatic design generally aims to keep the temperature of the 
controlled system as constant as possible, whereas comparatively large 
variations of the deep and superficial body temperature may be present in man 
(Pembrey, 1898; Martin, 1930; Horvath & Shelley, 1946; Spealman, 1946). 
Evidence that heat gains and heat losses can be balanced over a comparatively 
wide range of deep and superficial temperatures has led to the conclusion that 
the essential mechanisms of temperature regulation in man are concerned with 
a constant thermal balance, not a constant deep body temperature (Glaser, 
1949, 1953), and experiments have now been carried out in an attempt to find 
out how thermal balance could be achieved and maintained at different en- 
vironmental temperatures and after small disturbances of the heat load. 
Some preliminary findings have already been reported (Glaser & Newling, 
1955). 
METHODS 

Subjects and procedure. Three Chinese men who had lived in Singapore since birth or early 
childhood took part in the experiment. Their ages were 22-28 years, their heights 163-173 cm 
and their weights 50-6-60-1 kg. They wore brief cotton shorts only and they lay still on a wheeled 
stretcher of loosely woven cane throughout each test. All subjects had taken part in similar 
experiments before, and they had a singular ability to lie still for long periods without any 
apparent interest in what was going on around them. 

Twenty-four tests were conducted, one at a time, in random sequence, and within a total period 


of 6 months, The subjects always had a light meal first, followed by a period of adjustment which 
always began between 12.45 and 1 p.m. and during which they lay still in a warm room at 
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Singapore room temperature (Table 1). Measurements of the mouth temperature, the skin 
temperature, the blood pressure and the pulse rate were begun at 2 p.m. and continued at intervals 
of 10 min, as described below. If all these readings were constant over a period of 10 min to 
0-1° C for the mouth temperature, 0-2° C for the skin temperature of the body and limbs, 0-4° C 
for the skin temperature of the foot, 4 mm of mercury for the blood pressure, and 3 beats/min for 
the heart rate, it was assumed that the subject was adjusted to the horizontal posture and to the 
environmental temperature (Table 2). 

The subject was then immediately cooled or warmed for exactly 5 min. Cooling was done by 
covering the fronts and sides of the neck, trunk and limbs (excluding only the head and the soles 
of the feet) with wet towels, while air movement was increased to 250 m/min by fans placed above 
the subject and on both sides of him. Measurements of the skin temperature taken towards the 
end of such cooling showed that the skin was within 0-5° C of the wet-bulb temperature (Table 1). 
Warming was done by a heating cradle with an inner surface of polished metal fitted with electric 
light bulbs totalling 1 kW and giving a Globe thermometer reading of 118° C (Bedford, 1948) 
within the empty cradle. This cradle radiated heat on to the front and sides of the whole body, but 
not on to the soles of the feet. 


1. Mean environmental conditions 


room 
(Singapore 
Cold room Coolroom room temp.) Hot room 

Dry-bulb temperature (° C) 17-7 22-9 29-4 39-0 
Wet-bulb temperature (° C) 13-4 20-2 24-9 34-2 
Vapour pressure (mm Hg) 9-5 16-3 21-5 37-8 
Globe thermometer reading (° C) 18-7 23-6 29-4 38-0 
Corrected effective temperature (° C) 16-5 22-2 26-8 35-2 


(Bedford, 1948)* 
* The air movement was less than 6 m/min. 


After being cooled or wormed for Surin We subjects either Singspore room 
temperature, or were immediately wheeled into an adjacent temp trolled room which 
was set at one of three temperatures (Table 1);00 that each subject was tested in random sequence 
in each of four different environments, both after a 5 min period of cooling and after a 5 min 
period of warming. Measurements of the mouth temperature, skin temperature, blood pressure 
and heart rate were resumed about 3 min after the end of the 5 min period of cooling or warming 
and continued at intervals of 10 min until the skin temperatures of the limbs were again constant 
to 0-4° C, those of the rest of the body to 0-2° C and those of the mouth to 0-1° C. 

Environmental conditions are given in Table 1. The air movement was always below 6 m/min 
except when the subjects were being cooled by wet towels and a fan (see above). During any one 
test in any one environment the corrected effective temperature never varied by more than 
0-5° C and usually by less than 0-3° C. During different tests in the same environment the cor- 
rected effective temperature always remained within 1° C of the means given in Table 1, and 
usually within 0-5° C of those means, 

Techniques. The mouth temperature was measured by a thermocouple mounted in the tip of 
a polythene tube and held firmly under the tongue in the same part of the mouth throughout each 
test. The mouth temperature was measured in preference to the rectal temperature, because the 
available evidence suggests either that measurements in these two places are liable to similar 
errors (Glaser, 1949; Radsma, 1950; Tanner, 1951; Lewis & Renbourn, 1955), or that the mouth 
temperature is the more accurate index of the deep tissue temperature (Gerbrandy, Snell & 
Cranston, 1954). The skin temperature was measured in seventeen places, two on the face, five on 
the chest and abdomen, nine on the limbs including the hand and the upper surface of the foot, 
and one on the sole of the foot. (It will be remembered that the sole of the foot was not exposed 
to direct cooling by wet towels or to direct warming under a heating cradle.) The points on the face, 
the chest and abdomen, and the limbs were so chosen that their means should represent the 
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average temperatures of those areas. These points were also defined beforehand in relation to 
anatomical markings on the skin, and they were marked by indelible pencil before each test so 
that there could be no variations between them in any one test and only very small variations in 
different tests. The temperature of the face, chest and abdomen was measured by a bare thermo- 
couple in a Y-shaped mounting (Glaser, 1949). On the limbs the temperatures were measured by 
bare thermocouple wires wound around the limb and tightened by a rubber toggle on the opposite 
side of the limb, so that the junction adhered to the skin at a constant tension without cutting 
into the skin, All thermocouples were made by welding 32 s.w.g. copper and 36 s.w.g. constantan 
wires. The skin thermocouples were unlikely to alter the skin temperature even when the latter 
differed greatly from the air temperature or when the skin was moist (Glaser, 1949). Their design 
also eliminated errors from variations of pressure at the point of contact, and the thickness of the 
wires was such that it avoided the disadvantages both of 28 s.w.g. and of 40 s.w.g. thermocouple 
wires (Stoll & Hardy, 1950). The e.m.f. was read on a Cambridge vernier potentiometer with a 
Cambridge short-period galvanometer, and the sensitivity of this was so adjusted that a potential 
difference of 1 »V produced a deflexion of 1 cm on the galvanometer scale. This allowed moderately 
good readings to 0-01° C and reliable readings to 0-02° C. The standard e.m.f. was obtained from 
a Weston cell, and a correction was made for environmental temperature. The cold junctions 
were kept in melting ice insulated by two Dewar flasks, one inside the other, the corks of which 
were sealed with wax before each test. Calibrations were done in stirred insulated water-baths, 
using N.P.L. calibrated thermometers for reference. 

The blood pressure was measured to the nearest 2 mm by a mercury sp ter, and 
auscultation of the brachial artery which had been previously seelh.9 and marked. The pre- 
cautions taken were those recommended by a committee on Standardization (1939). It was con- 
sidered best not to record the blood pressure directly, because it was not one of the important 
readings to be obtained and because indwelling arterial needles would have caused anxiety to the 
subjocts, while the added apparatus would have reduced their mobility and the speed of the 
experiment (see below). The heart rate was counted over the radial artery during 30 sec using a 
stop-watch. The environmental conditions were measured every 10 min by an Assmann psychro- 
meter, a Globe thermometer and a very sensitive vane anemometer (Bedford, 1948). The onset of 
shivering or sweating was determined visually. 

Each kind of measurement was always made by the same person, and the record of previous 
readings was not visible to those taking any particular reading. Measurements were always made 
in the same order. The thermocouples were so arranged that the mean temperature of nine points 
on the limbs could be obtained from a single reading. This and rehearsed teamwork between the 
authors and a technician made it possible to obtain a complete set of observations in 5 min and to 
keep the time interval between the end of the last preliminary reading and the beginning of the 
first reading after brief cooling or warming to exactly 15 min. 

Statistical calculations. The experiment was so designed that the relation between a number of 
independent variables was tested in random order. These variables were: (1) four different en- 
vironmental temperatures, (2) two different previous treatments (pre-cooling and pre-warming), 
(3) three different subjects. By analysis of variance it was possible, therefore, to assess the effect 
of any one variable or to estimate the effect of any one variable on either of the other variables. 
The advantage of such a design was that significant findings were obtained after only three 
subjects had been tested, while it was possible to find out whether any result was weighted by the 
responses of any one subject. Since known accidental influences were excluded and unknown ones 
randomly distributed, it could be assumed that significant results were due to induced changes of 
environment, 

The temperature measurements were in microvolts and all calculations were made on those 
units of measurement, only the data required for interpretation and publication being subse- 
quently converted to ° C, so that errors of calibration could not have altered the significance of the 
results. (Over the range considered there is in practice, of course, linear relationship between 
e.1.f, and temperature.) Probabilities were obtained from Fisher & Yates’s tables (1953). 
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RESULTS 
Observations in thermal balance 


Day-to-day variations of the level at which balance was achieved after the 
initial period of adjustment and immediately before pre-cooling or pre- 
warming were comparatively large. In spite of carefully controlled experi- 
mental conditions their maximum ranges in eight different experiments on 
any one subject were 1° C for the mouth temperature, 1-7° C for the forehead 
temperature, 3° C for the foot temperature (Table 2), 26 mm of mercury for 
the systolic blood pressure, 12 mm of mercury for the diastolic blood pressure, 
and 10 beats/min for the pulse rate. 

There were occasional small differences between successive measurements 
of the mouth temperature and of the skin temperature when the subjects 
were accepted to be in thermal balance. Such differences were most marked 
at 17-7° C, but they were often less than the limits of the techniques em- 
ployed, and mostly within 0-04° C for the mouth temperature and 0-1° C for 
the skin temperature (Table 2). The greatest difference of the mouth tempera- 
ture recorded between successive readings while equilibrium was presumed 
to exist in any environment was 0-08° C, which is less than the limits set 
before the experiments (see above). At the same time the blood pressure and 
pulse rate were frequently constant within the errors of the techniques 
employed, although in extreme environments, especially when the subjects 
were shivering, the blood pressure and the pulse rate tended to be less stable 
than at 229° and at 29-4° C. 


Effects of environmental temperature 

Fig. 1 shows the mean levels of the mouth temperature and of the skin 
temperature of the sole of the foot when the subjects were in thermal balance 
in four different environments, and Table 3 shows in more detail the average 
displacement of the levels of the deep and superficial temperature, the blood 
pressure and the heart rate under the same conditions. Because of day-to-day 
variations in the base-line observations (Table 2) the results given in Table 3 
were calculated as differences between the means of the last two readings 
before the 5 min periods of cooling or warming and the means of the last two 
readings of the same tests when thermal balance had been restored. There was 
no significant variation between the three subjects of the experiment, apart 
from the fact that the mean mouth temperature was influenced at the level of 
0-05 >P>0-02 by the responses of one subject whose mouth temperature 
varied less than that of the other two. In spite of this, the mouth temperatures 
and the skin temperatures of various parts of the body were all positively 
correlated with the environmental temperature at the level of P<0-01, and 
this correlation was not affected by previous cooling or warming (P >0-2). 


gures are in ° C.) 


readings at 10 min intervals. All fi 


At end of preliminary period (8 tests) 


(Each pair of figures represents two 


TABLE 2. Mouth and skin temperatures of subjects in thermal balance at Singapore room temperature (29-4° C) 
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The blood pressure tended to be higher at lower skin and mouth temperatures, — 


but it showed no significant correlations with the environment. The heart rate 
was raised at high environmental temperatures. 

All subjects sweated at 39°C and shivered intermittently at 17-:7° C. 
Thermal balance was invariably achieved in the presence of both sweating 
and shivering, but Table 4 shows that the level of skin and mouth temperature, 
at which sweating and shivering began, varied during different tests on the 
same subjects. After pre-cooling all subjects shivered slightly at 22-9° C, but 
neither the onset nor the cessation of this shivering was related to any definite 
levels of skin or mouth temperature. 


4. which shivering and swesting wore observed 
Time after 


entering 
Face Limbs Sole of environment 
Subject Mouth (2 points) (9 points) foot (min) 
ae in cold room (17-7° C) 
A Pre-cooling 31-52 28-32 27-03 50 
Pre-warming 318 31-96 28-52 25-16 
B Pre-cooling 36-68 33-28 28-76 24-94 50 
Pre-warming 36-77 31-46 29-55 25-12 60 
Cc Pre-cooling 36-48 31-88 29-25 27-70 5 
Pre-warming 36-85 32-01 30-40 29-40 10 
3 Sweating in hot room (39-0° C) 
A Pre-cooling 37-53 36-69 36-50 37-62 50 
Pre-warming 36-83 36-84 35-85 37-16 10 
B Pre-cooling 36-50 35-41 35-02 35-79 10 
Pre-warming 37-03 36-58 34-47 35-43 5 
Pre-cooling 36-81 36-64 34-81 36-76 20 
Pre-warming 36-70 35-81 34-39 36-26 10 


The time required to achieve thermal balance was 30-90 min and this con- 
forms with earlier observations at rest (Glaser, 1949) and during exercise 
(Martin, 1930). The length of the period of time needed to achieve equilibrium 
by the criteria given above was related to the environmental disturbance 
imposed on the subjects, and Table 3 shows that this period was the longest in 
extreme environments and when previous treatment had the opposite effect 
to the change of environment. 


Effects of short periods of cooling and warming 

Fig. 1 and Tables 2 and 3 show that in any one environment the levels at 
which the temperatures of the mouth and of the extremities achieved balance 
were higher after 5 min periods of warming than after 5 min periods of cooling, 
with the exception of the mouth temperature of one subject at room tempera- 
ture (Table 2). When the effects of pre-cooling and pre-warming were com- 
pared in all four environments, none of the differences of the mouth tempera- 
tures or of the skin temperatures were significant, but the correlations for the 


skin temperatures of the sole of the foot approached statistical significance 


(0-1> 
cooll 
ments 
corre 
treat 
level « 
vatior 
Fig. 1. 
} Pp 
| Tat 
previc 
proac 
ments 
warm 
press 
latter 
The 
4 follow 
3 gains 
tem ne 
; to ac 
also 
distu 


THERMAL BALANCE 7 


(0:1 > P > 0-05). When correlations between the skin temperature and previous 
cooling or warming were separately calculated for cool and warm environ- 
ments, disregarding the observations at 17-7°C and at 39°C, a significant 
correlation was found to exist between the skin temperatures and previous 
treatment, at the level of 0-05>P>0-01 for the face and limbs, and at the 
level of P<0-01 for the sole of foot, in spite of the smaller number of obser- 
vations. 


Sole of foot Mouth 
Cold room, 177 


24 26 28 30 32 34 36 360 365 370 


Temperature (°C) 

Fig. 1. Mean mouth temperatures and mean skin temperatures of the soles of the feet of three 
subjects in thermal balance in four different environments after short periods (5 min) of . 
previous cooling by wet towels and fans (1), and of previous warming under a heating cradle, @. 


Table 3 shows also that the heart rate was higher in all environments after 
previous warming than after previous cooling, but this difference only ap- 
proached the level of significance (0-1>P>0-05). In cool and cold environ- 
ments the systolic and the diastolic blood pressure rose less after previous 
warming than after previous cooling. In all environments the diastolic blood 
pressure was lower after previous warming than after previous cooling, and the 
latter results were significant at the level 0-05> P>0-01. 


DISCUSSION 
The present results show that under physiological conditions the responses 
following upon a change of heat load are stabilized when heat losses and heat 
gains are equal and not when the deep or superficial tissues are at any particular 
temperatures, This confirms that temperature regulation in man is integrated 
to achieve and maintain thermal balance (Glaser, 1949, 1953). The results 
also show that thermal equilibrium can be upset by comparatively small 
disturbances of the superficial temperature, but that the range of body 
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temperatures over which balance can be maintained is wide. From the present _ 


results, and from data recorded elsewhere, it may be concluded that variations 
of the temperature at which thermal balance is possible are of the order of 
1° C for the deep tissues and of the order of 10° C for the skin (Pembrey, 1898; 


Martin, 1930; Nielsen, 1938; Sheard, Williams & Horton, 1941; Horvath & 


Shelley, 1946; Spealman, 1946; Robinson & Gerking, 1947; Glaser, 1949, 
1953). No evidence was obtained of any sensitive mechanisms which limit the 
range over which thermal balance can be maintained in the zone of tempera- 
ture regulation by vasomotor control. Changes of body temperature are 
limited, however, at more extrerne temperatures by sweating and shivering, 
which appear to be superimposed mechanisms and possibly independent from 
vasomotor control (Table 4), 

Day-to-day variations of the deep and superficial temperature which were 
observed while the subjects remained at rest at Singapore room temperature 
(Table 2) are unlikely to have been caused by errors of experimental technique, 
and they suggest the possibility that the level at which the subjects achieved 
balance after a preliminary period of adjustment on different days may have 
been influenced by the subjects’ previous activities. Moreover, the observa- 
tions that the level of temperature at which thermal balance was achieved was 
related to disturbances of the superficial temperature, especially if the sub- 
sequent change of environment was not excessive (Table 3, Fig. 1), justify the 
conclusion that the levels of deep and superficial temperature at which heat 
losses and heat gains are balanced may depend, among other things, on the 
previous thermal state. This feature of temperature regulation has some 
similarity with the findings that posture may be influenced by previous 
posture (Jackson, 1954) and that responses to cold stimuli may be modified by 
previous cooling (Glaser & Whittow, 1957). Both the latter findings were 
claimed to depend on the storage of information by the central nervous 
system, and it seems possible that such storage plays a part in the modifica- 
tion of thermal equilibria by previous temperatures. 


Sweating and shivering 

There is some justification for denying that any ‘critical’ temperatures 
exist in the control of sweating and shivering (Uprus, Gaylor & Carmichael, 
1935; Jung, Doupe & Carmichael, 1937; Glaser, 1949; Glaser & Jones, 1951; 
Glaser & Lee, 1953; Lee, 1954), and the present results have, again, provided 
no evidence that the onset of sweating and shivering is related to any particular 
deep or superficial body temperatures (Table 4). It is probable that the onset 
of sweating and shivering depends on quantitative thresholds of nervous 
excitation (Jung e¢ al. 1937; Glaser & Jones, 1951; Hensel & Zotterman, 1951; 


Hensel, 1952; Lee, 1954) in which rates of change (Hensel, 1952), spatial — 
summation (Jung et al. 1937) and recruitment (Lee, 1954) all play a part, 
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while the present results have shown that sweating and shivering can be 
present also during a steady state of thermal balance. The evidence thus 
allows no precise and positive conclusions about the underlying principles of 
control. 
_ The blood pressure and heart rate 
The subjects were physically and mentally at rest during the present 
experiments, so that variations of the blood pressure and heart rate must have 
been largely a result of heat-regulating responses. Indeed, the fact that short 
periods of cooling raised the level at which the blood pressure achieved 
equilibrium and lowered the level at which the heart rate became constant, 
while short periods of warming had the opposite effect, suggests that physio- 
logical variations of the blood pressure and of the heart rate may be caused, 
among other things, by physiological fluctuations of the level of thermal 
balance. The heart rate may also vary, however, as a result of direct effects of 
temperature on the nervous mechanisms controlling the heart beat (Tanner, 
1951; Cooper & Kerslake, 1955) and for this reason variations of the heart 
rate can sometimes be true heat-regulating responses. 


Practical considerations 

The present investigation suggests that disturbances of the thermal state 
could be used to practical advantage. For example, people living in a warm 
climate who cannot sleep or cannot concentrate on their work because they 
feel too hot might lower their skin temperature to a more comfortable level by 
a cold bath, and they might maintain such a level while they remained at rest. 
People at rest in a cool place could similarly benefit from short periods of 
warming. Such transient cooling or warming would probably be more effective 
if thermal discomfort was partly or wholly due to a previous thermal dis- 
turbance, but it would be ineffective in extreme environmental conditions 
(Fig. 1, Table 3). 


SUMMARY 

1. Three men at rest were exposed to four different environments after 
periods of controlled cooling or warming lasting 5 min. 
2. When the subjects were in thermal balance the deep and superficial 
temperature was correlated with the environmental temperature, and it was 
confirmed that the maintenance of thermal balance is a fundamental property 
of temperature control in man, while the deep and superficial temperature 
may vary within fairly wide limits. 
3. Short periods of previous cooling caused a reduction and short periods of 
previous warming caused an increase of the level of skin and mouth tempera- 
ture at which thermal balance was achieved in any one environment. This 
was significant with regard to the skin temperature of the face and of the 
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extremities and within the zone of temperature regulation by vasomotor 
control, and it implies that the level at which thermal balance is achieved may 
depend, among other things, on the previous thermal state. 

4. When thermal equilibrium was upset, the time required to restore it was 
related to the magnitude of the disturbance. 

5. Under physiological conditions fluctuations of the level over which 
thermal balance could be maintained were effectively limited by sweating and 
shivering. 

6. Physiological variations of the blood pressure and the heart rate at rest 
appear to have been caused, among other things, by changes of the tempera- 
ture at which heat losses and heat gains were balanced. 
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THE BLOOD PRESSURE AND THE PRESSURE PULSES IN THE 
ARTERIAL ARCHES OF THE FROG (RANA TEMPORARIA) 
AND THE TOAD (BUFO BUFO) 
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The account of the distribution of the blood in the Amphibia given in the 
text-books of zoology, and now generally called the ‘classical theory’, postu- 
lates that the pressures obtaining in the pulmo-cutaneous arches are lower 
than those in the systemic arches, while the pressures in the carotid arches are 
higher. Because of these pressure differences it is further postulated that the 
blood issuing from the ventricle flows first into the pulmo-cutaneous arches 
and then successively into the systemic and carotid arches. 

Attempts have been made to check these postulates by measuring the blood 
pressures and registering the pulse waves in the arterial arches, but the results 
obtained have in general been unconvincing. This has undoubtedly been due 
to technical difficulties and the comparative crudeness of the instruments used 
which, with one exception, have been small manometers of low natural 
frequency. 

The development recently of electronic condenser manometers, however, 
has provided an extremely sensitive, efficient and easily used instrument. It was 
considered, therefore, that useful information might be obtained by the use of 
these manometers for measuring vascular pressures in the frog and toad and 
thereby throwing some light on this problem. 


METHODS 
The animals used were mature specimens of Rana temporaria and Bufo bufo. They were anaesthet- 
ized by ether. The depth of anaesthesia aimed at was light in order that the blood pressure should 
not be depressed unduly. The animal was removed from the ether jar as soon as it was observed 
that it no longer responded to being turned on its back. On removal, it was pinned to a smal! 
cork board, the skin was reflected and cut away ventral to the pectoral girdle which was bisected, 
_ thus displaying the heart and arterial arches. The pericardium was slit and removed from around 


the arterial arches, and the hypodermic needles attached to gauge heads of the pressure-recording 


machine were introduced, under a binocular microscope, into the selected vessels. 
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Blood pressures were measured with condenser manometers (Minirack blood-pressure recorder, 
Southern Instruments Ltd.) and recorded by means of pen oscillographs of the same make, The 
manometers operated over a pressure range from 0 to 50 mm Hg and had a natural frequency 
response Of 10 kc/sec. Because of the small size of the arterial arches in these animals it was 
necessary to use hypodermic needles. Fine needles, however, lower the natural frequency re- 
sponse of the manometers, while larger ones tend to occlude the blood vessels. In order to strike 
a balance between these two limiting factors, Luer 26-gauge needles, 1-5 om long, were used for 
recording the vascular pressures, and needles of 20-gauge, 2 cm long, were used for measuring 
ventricular pressures. The manometers were calibrated with a mercury manometer. 

By using two manometers and a double-pen oscillograph, it was theoretically possible to obtain 
simultaneous records of the pressure curves from two of the arterial arches or of one arch and the 
ventricle. Practically, however, such records were obtained from the arterial arches of the toad 
only, since the small size of the vessels in the frog made it impossible to insert hypodermic needles 
into two of them at the same time, except in two instances. Again because it was possible only 
occasionally to use the second manometer, most of the traces of the pressures in two arches of an 
animal were taken ‘serially’. That is, the trace from one vessel was taken on the same manometer 
after the trace from another vessel. When one manometer only was being used two needles, each 
attached to a gauge head, were introduced into the selected vessels. When a tracing had been 
obtained from the first vessel, the cable leading from the gauge head to the amplifier was trans- 
ferred to the second gauge head and a tracing from the second vessel was taken. 


Fig. 1. Traces of pressure curves obtained in simultaneous pairs from a single known identical 
pulse by means of (left) badly-matched needles, and (right) well-matched needles. In all 
figures, time marker = 1 sec. ' 


The apparatus embodied a drip-system which allowed a continuous supply of Ringer’s solution 
to pass through the needle. This was designed to prevent blood entering the needle and coagula- 
ting but, despite sodium citrate (5%) being mixed with the solution, the blood did tend to coagu- 
late in the fine needles used, thereby rapidly reducing the natural frequency response of the 
manometer. 

The ‘damping’ effect due to the small bore was found to vary from one needle to another and 
therefore pairs of needles were ‘matched’. This was done most conveniently by allowing water to 
flow through them at a fixed pressure. Needles giving approximately the same number of drops 
per minute were used in pairs. With such pairs, however, small differences could sometimes be 
detected in the simultaneously recorded traces of a known identical pulse applied to both needles 
(see Fig, 1). The meters were zeroed with the needles at the level of the animal's heart. 

The traces of the pressure pulses when obtained were inspected and the ratio S/C of the time 
(3) for the pressure to rise from its lowest to maximum points compared with the time (C) for the 
complete cycle was calculated from measurements made on the projected images of the curve. 
Since the points of maximum pressure in the arches must necessarily occur simultaneously, any 
difference between the S/C ratios of the traces taken from the same animal indicates a difference 
in the time of movement of the blood in the vessels. Since small differences had been detected in 
the times of deflexions of simultaneous traces of known identical pressure pulses (see Fig. 1), 
and had been found to average #s sec in the case of well-matched needles, it was considered that 
differences in the deflexions of the traces from the vessels of the animals could only be significant 
if they were greater than yj, sec. The average cycle of the heart beat was found to be 40 mm when 
the paper was passing the pens at 25 mm/sec. Thus, to be significant, the difference between the 
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S/C ratios of two traces would have to be greater than 0-025, provided the hypodermic needles 
remained ‘ well-matched’ throughout the experiment. 

When it seemed unlikely that it would be possible to get both hypodermic needles into the 
arterial arches, one needle was placed in a systemic arch while the other was inserted into the 
ventricle. This made it possible to determine the period of isometric contraction of the ventricle. 


RESULTS 


The results obtained from the use of the condenser manometer pressure- 
recording machines on twenty-six toads and nineteen frogs are given as follows. 


The shape of the curves 
In general, the shape of the pressure curves is the same for all the arterial 
arches and resembles those obtained from the systemic arches of the American 
bull-frog, Rana catesbeiana, by Shannon & Wiggers (1939) who used Gregg- 
type optical manometers. A typical example is shown in Fig. 2. The cycle (C) 
is seen to consist of a phase of rapidly increasing pressure which rises in a 
smooth, approximately parabolic curve to turn through a maximum point. 


* 1 sec 


Fig. 2. Trace of pressure pulse from the right systemic arch of the toad, 
showing a distinct incisura. 


As the pressure falls the parabolic form of the curve is interrupted at the 
incisura where the synangial valves close. The distinctness of the incisura 
depends (apart from the sensitivity of the recording system) on the abruptness 
of the change of the rate of fall of the pressure for the remainder of the cycle. 
This in turn depends on the peripheral resistance in the circulation obtaining 
at the time of the experiment. As has been explained, the simultaneity of the 
traces obtained ‘serially’ is judged by reference to the difference between the 
S/C ratios (systolic interval/cycle interval) of each of the curves. 


Interval of isometric contraction 

The interval of isometric contraction of the ventricle was determined on 
five frogs and two toads. Traces of the curves obtained from two of the frogs 
are shown in Fig. 3a and b. The isometric intervals, together with the ven- 
tricular pressures in the five frogs and two toads, are given in Table 1. By 
using optical manometers, Shannon & Wiggers (1939) investigated the 
dynamics of the heart in the American bull-frog (presumably R. catesbeiana) 
and found the interval of isometric contraction of the ventricle to range from 
0-06 to 0-18 sec. Thus, these values for the hearts of Bufo bufo and Rana 
temporaria are within the same range, averaging 0-11 and 0-10 sec respectively. 
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TaBxE 1. The interval of isometric contraction of the ventricle and os 
the ventricular pressures in five frogs and two toads 
Ventricular Isometric 
interval 
Animal (mm Hg) (sec) 
Toad 1 31-2/0 0-09 
Toad 2 27-8/0 0-12 
Frog 1 22-9/0 0-10 
Frog 2 10-7/0 0-15 
Frog 3 30-3/0 0-10 
Frog 4 18-0/0 0-13 
Frog 5 9-0/0 0-05 
A 
Toads (2) 0-11 
Frogs (5) 18-1/0 0-10 


Fig. 3. Simultaneous traces from the ventricle and arches of the frog. The ventricular trace is the 
upper of each pair. The outline of the lower trace is superimposed upon it as a dotted line. 
a, ventricle and right carotid arch; b, ventricle and left systemic arch. 


Simultaneous recordings of pressure pulses 


The measurements of the pressures and registration of the pressure waves 
recorded simultaneously (Fig. 4) from two arterial arches in each of six toads 
are given in Table 2. In each pair of traces the profiles of the waves are 
the same and their deflexions are synchronous. Although differences in the 
systolic and diastolic pressures may exist between pairs of vessels, they are 
not substantial, nor are they necessarily lowest in the pulmo-cutaneous arches. 


Serial recordings of pressure pulses 

The results of pairs of pressure pulse records taken serially in thirteen 
animals are presented in Table 3, grouped according to the pairs of arterial 
arches from which the traces were taken. In the results for the serial traces 
taken from the arterial arches of the toads, the average value for the S/C ratio 
is found to be 0-031. It is thus within the possible experimental error of 
0-075 expected for badly matched needles. 
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This average, however, includes the value 0-091 found for toad 10, and if this 
is omitted the average becomes 0-024 which is approximately the expected 


experimental error for well-matched needles. Since some delay must neces- — 
sarily occur in the taking of serial traces, it is possible that by the time the © 


second trace is taken the needle has already become slightly blocked by 


blood getting in, and this could explain the larger differences found for the — 


S/C ratios than in the traces taken simultaneously. 


The large value 0-091 found in toad 10 is not a true value, since the curve | 
for the pulmo-cutaneous arch is abnormal. It shows-either that the synangial — 


TaB.e 2, The measurement of the pressures and registration of the pressure waves 
‘ recorded simultaneously from two arterial arches in each of six toads 


Arterial arches 
Animal. Pressures Pressures 
Toad (mm Hg) S/C ratio (mm Hg) S/C ratio S/C difference 
Left pulmo-cutaneous Right systemic 
1 31-2/16-4 0-507 30-3/16-4 0-500 0-007 
2 27-8/22-9 0-193 27-8/22-1 0-193 0-000 
3 30-3/22-7 0-217 31-1/24-6 0-217 0-000 
4 24-3/20-0 0-299 24-6/18-0 0-294 0-005 
Right carotid 
5 23-7/16-4 0-240 23-7/16-4 0-240 0-000 
“¢ Right pulmo-cutaneous Left carotid 
6 18-0/16-8 0-288 19-6/14-7 0-288 0-000 
Pulmo-cutaneous arches Systemic and carotid arches 
(mm Hg) (mm Hg) 
Average values 24-8/18-1 24-9/17-4 
Pulmo-cutaneous 


Toad 1 


1 sec 
j 
Right systemic 
Fig. 4. Simultaneous traces from the left pulmo-cutaneous and right systemic arches of the toad. 
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valves were failing or, more probably, that there was a leakage of blood around 
the needle. A similar abnormality in the traces of both arches in toad 14 and 
the left systemic arch of toad 17 made the calculation of the S/C ratios 
impossible. 

Since the differences in form of the rest of the serial traces are within the 
expected error, they do not present any evidence against the conclusion 
established from the traces taken simultaneously that movement of the blood 
in the arterial arches is synchronous. 


TaBLE 3. The results of pairs of pressure pulse records taken serially in thirteen animals, grouped 
according to the pairs of arterial arches from which the traces were taken (mm Hg) 


Animal. Right Left pulmo- 
Toads systemic arch cutaneous arch S/C difference Pressure difference 
25-4/20-5 25-4/21-3 0-049 0/ -—0-8 
8 31-3/23-8 32-8/24-6 0-003 -17/0-8 
9 18-0/9-8 16-4/7-4 0-000 1-6/2-4 
10 28-7/22-9 29-5/22-1 0-091 ~ 0-8/0-8 
ll 19-8/16-4 22-9/18-0 0-037 ~3-1/ -146 
12 26-2/14-8 31-2/20-5 0-047 — 5-0/5-7 
Average 24-86/18-03 26-36/18-9 ~ 1-6/1-2 
Right Left 
systemic arch systemic arch 
13 33-6/26-2 32-8/26-2 0-006 0-8/0-0 
14 22-9/14-8 26-2/16-4 3-3/ 1-6 
15 32-8/20-5 32-8/19-6 0-026 0/0-9 
21-3/18-0 19-6/14-8 0-025 1-7/3-2 
Average 27-65/19-87 27°85/19-25 0-25/0-62 
Right pulmo- Left 
cutaneous arch systemic arch 
17 34-4/27-8 35-0/31-3 _ 0-6/3-5 
ight Left pulmo- 
Frogs edit arch cutaneous arch 
I 13-9/9-8 13-9/4-1 0-002 0/5-7 
Left 
systemic arch 
2 14-8/11-5 14-8/11-5 0-008 0/0 
Average pressure values for all toads 
Systemic and Pulmo-cutaneous 
carotid arches arches Differences 
26-14/19-04 26-63/19-27 0*86/0-57 


When considering the systolic and diastolic pressures in the various arches 
it will be noticed that, while individual animals may show the pulmonary 
pressures to be either higher or lower than the pressures found in the other 
arches, when the average of all animals is computed, the pressures of all 
arches approximate very closely one to another. It is therefore concluded that, 
in general, the pressures as well as the pressure ranges in the separate arches 
do not differ greatly. The individual differences in pressures between the 
pulmo-cutaneous arches and the systemic (and carotid) arches which are 
— are probably due to variations in the degree of inflation of the lungs, 
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for it can be shown in both the frog and the toad that the pressures in the | 
pulmo-cutaneous arch fall as the lung is inflated and rise as it deflates. 


In some animals a small-bore tube was inserted into the exposed lung which, 


by means of a suitable bulb attached to the other end of the tube, could be 
inflated while tracings of the pressures in the pulmo-cutaneous and systemic 
arches were being recorded. Such a tracing is shown in Fig. 5 and it ya be 
observed that the pulmo-cutaneous pressures respond to changes in the degree 
of inflation of the lung far more than do the systemic arch pressures. 

In two instances only was it possible to get serial traces from the frog. In | 
these animals the pressure curves have the same characteristics as in the toad. — 
The pressures, however, are somewhat lower. 


Ft 


L 


Fig. 5. Traces taken from pulmo-cutaneous (upper) and systemic (lower) arches of a frog while the 
lungs were artificially inflated. Arrows in tracings indicate the points of inflation. 


Single traces of pressure pulses 

In a number of animals, particularly frogs, it was impossible to obtain a 
trace of the pressure pulse from more than one arterial arch at the same time; 
thus, the results given in Table 4 are obtained from traces taken from a single 
arterial arch. They are, of course, of no value as evidence in the timing of 
movement of blood in the arches, but they do provide additional information 
as regards pressures. In all of them the form of the curves is similar to those 
already discussed. 

In the frogs, as in the toads, the results when averaged indicate that the 
pressures in the pulmo-cutaneous arches are substantially the same as in the 
other arches. On the whole, the pressures in the frogs are much lower than the — 
corresponding ones in the toad, but occasionally individuals (e.g. frogs 3 and 
5, Table 4) do exhibit pressures which are relatively high. | 


DISCUSSION 
The postulate that the pressures in the pulmo-cutaneous arches are substan- 
tially lower than those in either of the other pairs of arches is due to Sabatier 
(1873). However, the results of various measurements by various authors of — 
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the pressures in the arterial arches (see Table 5) do not on the whole confirm 
this hypothesis. Thus Gompertz (1884) found that the average systolic pres- 
sure in each arch was the same, while de Graaf (1955) found a similar result 
for Xenopus laevis. The pressure pulses found by Acolat (1938) are surprisingly 


Tas_e 4. The results of pressure pulse records taken singly from arterial arches 
in nineteen animals 


Animal. 
Toads Arches Pressures (mm Hg) 
1 Systemic 29-5/16-4 
2 Systemic 22-1/15-6 
3 Systemic 31-2/23-8 
4 Systemic 26-2/14-8 
5 Systemic 32-8/26-2 
6 Systemic 29-5/14-8 
7 Systemic 27-0/11-5 
Average 28-3/17-6 
Frogs 
1 Systemic 9-8/6-6 
2 Systemic 9-0/4-0 
3 Systemic 28-7/5-0 
4 Systemic 18-0/8-2 
5 Systemic 22-1/15-6 
6 Systemic 13-9/6-5 
7 Carotid 20-5/11-5 
8 Carotid 9-0/6-6 
9 Carotid 9-8/4-9 
10 Pulmo-cutaneous 23-0/11-5 
Pulmo-cutaneous 14-8/9-0 
12 Pulmo-cutaneous 15-9/10-0 
Frog averages (including 2 frogs shown in ‘serial’ trace results) : 
Carotid and systemic arehes 15-4/8-5 
Pulmo-cutaneous arches 14-2/8-6 
TaBLE 5. The results of measurements of the pressures in the arterial arches 
by various authors 
Pressure pulse 
Animal Vessel (mm Hg) Author 
Rana temporaria All three arterial arches prone Gompertz (1884) 
R. ridibunda Pulmo-cutaneous arches | 
Systemic arches ‘5 
Bufo eupercilieris  Pulmo-cutaneous arches 24/28 Acolat (1938) 
Systemic arches 27-5/25-5 
Rana catesbeiana Systemic arch 30/15 Shannon & Wiggers (1939) 
Xenopus laevis Pulmo-cutaneous arches 32/21-5 
Systemic and carotid 32/27-5 de Graaf (1955) 
arches 


small and may be due to the large inertia of his manometers. If this is so, it 
is unlikely that the slightly lower pressures found in the pulmo-cutaneous 
arches can have the significance which Acolat claimed for them. 

The pressure pulse in the pulmo-cutaneous arches of Xenopus was found by 
de Graaf (1955) to be twice as large as that in the other arches, and this he 
correlated with the quantity of blood passing to the lungs which he considered 


received the greater part of the ventricular output. de Graaf also found that, 
2-2 
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ae 


_ on inflation of the lungs, the pressure pulse in the pulmo-cutaneous arch was © 
much reduced and approximated closely to pressures in the carotid and — 
systemic arches. This effect is therefore quite different from that found in the — 
present experiments, where inflation of the lungs caused a drop in the systemic — 


and diastolic pressures in the pulmo-cutaneous arches. 


While the effects of lung inflation on the pressures in the pulmo-cutaneous — 
arches are most likely brought about in a purely mechanical fashion, the — 
possibility of nervous control does exist, in that, in Rana temporaria at — 
least, afferent fibres of the vagus originate in the tissue of the lung and show ~ 
increasing impulse discharge as the lungs are inflated (Neil, Strém & Zotter- — 


man, 1950). 

With regard to the time sequence of the movement of the blood in the 
arches, Acolat (1938) was inclined to think that there was a difference, and he 
mentions that the form of the graph of the pressure pulse in the pulmo- 
cutaneous arch is different from that of the arches of the general circulation. 
Unfortunately, he provides no illustration but states that the pulmo-cutaneous 


trace ‘monte brusquement, puis redescend en pente d’abord douce, ensuite _ 


assez rapide’ while the systemic trace ‘s’éléve plus lentement, forme un déme 
et redescend assez lentement’. This can only mean that the maximum point of 
the systemic trace on the paper occurs after the maximum point of the pulmo- 
cutaneous trace. But, since the points of maximum pressure must necessarily 
be simultaneous, this must mean that flow began in the systemic arch before 
the flow in the pulmo-cutaneous arch. This would make nonsense of Acolat’s 


own adherence to the pressure mechanism of the classical theory. A much | 
more probable explanation of the difference in the form of the two curves is _ 
that his manometers were not identical. This would be an additional reason — 
for doubting the significance already referred to of the lower pressures in the — 


pulmo-cutaneous arches. 


In Xenopus, de Graaf (1955) concluded that the movement of the blood, : 


as revealed by the study of pressure pulse traces, was simultaneous in all the 
arterial arches. The usual account of the amphibian circulation postulates 
that the carotid labyrinth, which is found in the carotid arch, is concerned 
with maintaining a higher resistance to flow in this arch than in the others, 


so that flow in it occurs only towards the end of systole. In this work it has _ 
been found that in both the frog and the toad neither the systolic pressures — 
nor the time of movement of the blood in the carotid arches differ from those in — 
the other arches. Similar conclusions were reached by de Graaf in respect of — 


Xenopus. Thus in these three animals the function of the carotid labyrinth 
cannot be that postulated in the classical theory of amphibian blood dis- 


tribution. Indeed, the general role assigned to pressure by that theory cannot | 


be substantiated by any recent experimental results. 
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SUMMARY AND CONCLUSIONS 


This paper describes experiments and presents the results obtained in deter- 
mining the blood pressures and the form of the pressure pulse in the arterial 
arches of the frog, Rana temporaria, and the toad, Bufo bufo, by means of 
condenser manometer electronic pressure recorders. It is concluded that 

1. The form of the pressure pulse is the same in each of the arterial arches 
in both the frog and the toad. 

2. The blood pressures (systolic/diastolic) in the pulmo-cutaneous vessels 
are, on the average, the same as those in the systemic and carotid arches. 
These average, in the toad, 26/19 mm Hg and, in the frog, 15/8 mm Hg. 

3. In the individual animal the blood pressures in the pulmo-cutaneous 
vessels may be slightly higher or lower than the values in the other arches. 
This is probably a function of the degree of inflation of the lungs, which directly 
affects the pressures registered in the pulmo-cutaneous arches. 

4. The movement of the blood in the arterial arches is simultaneous in both 
the frog and the toad. 

5. The period of isometric contraction of the ventricle in both the frog and 
the toad is within the range 0-05—0-15 sec. 
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The manner in which the contractions of diffgfent muscles are co-ordinated 
to give movements and postures was first intengively investigated by Sherring- 
ton. Initially he studied the limb movements produced by tetanic stimulation 
of various afferent nerves and pointed out that ‘reflex action by its spread, 
develops a combined movement, synthesises a harmony’ (Sherrington, 1898). 
In a later, more precise analysis he studied the responses of the individual 
muscles and compiled lists both of those muscles which contracted in the 
flexor reflexes evoked by a standard test stimulus and of those muscles that 
relaxed (Sherrington, 1910). All members of the former class caused flexion of 
one or other joint of the limb and may be regarded functionally as flexor 
muscles, Conversely, all members of the latter class caused extension of one 
or more joints of the limb and are functionally extensors. Some muscles of the 
limb did not belong to either class. 

Further investigation (Sherrington, 1910) revealed that virtually the same 
two classes of muscles gave complementary responses in such other types of 
reflex action as the crossed extensor reflex and the flexor and extensor phases 
of reflex stepping. Thus arose the general concept that all flexor-type muscles 


contracted together in reflexes and hence were synergists, as also with all 


extensor-type muscles. 


The more localized monosynaptic reflexes now give opportunity for study , 


of more restricted functional relationships between motoneurones supplying 


one or another functional group of muscles in a limb, i.e. for a more restricted 


synergism. Although the monosynaptic activation of motoneurones by 


impulses in the afferent fibres from the annulo-spiral endings of muscle 
spindles (the group Ia afferent fibres) has been extensively investigated since it 


was first discovered by Lloyd (19434, 6), no systematic survey has been meade 


of the receptor field from which the motoneurone belonging to any particular 
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muscle draws its monosynaptic innervation. Initially the field was thought to 
be restricted to receptors in that muscle, i.e. to be purely homonymous, or even’ 
to receptors in that fraction of the muscle innervated by the motoneurone 
(Lloyd, 19434, 6), for the generation of a reflex discharge was the sole criterion 
employed. When monosynaptic facilitatory action was recognized, the field 
was extended to include other muscles acting synergically at the same joint, 
i.e. to be also heteronymous (Eccles, 1946; Lloyd, 1946a, b). For example, the 
whole gastrocnemius-soleus muscle provided the receptor field for mono- 
synaptic activation of any gastrocnemius-soleus motoneurone. These terms, 
homonymous and heteronymous, will be used in this precise connotation 
throughout this paper. The most extensive survey of facilitation between 
nerves to various synergic muscles was made by Laporte & Lloyd (1952), who 
described monosynaptic facilitatory action for afferent volleys in nerves to the 
following synergic pairs of muscles; soleus and gastrocnemius medialis; the 
two heads of flexor digitorum longus; plantaris and flexor digitorum longus or 
brevis; biceps femoris posterior and semitendinosus; extensor digitorum 
longus and tibialis anterior. However, in practice this method of studying 
synergism was cumbersome and no attempt was made to give a quantitative 
evaluation. 

The new technique of intracellular recording of synaptic excitatory action 
(Brock, Coombs & Eccles, 1952) gives a much more favourable opportunity for 
investigating either the pattern of monosynaptic excitatory action exerted by 
impulses from the annulo-spiral endings of any muscle, or alternatively the 
receptor field from which any particular class of motoneurone draws its mono- 
synaptic innervation. The present paper describes an investigation of the mono- 
synaptic excitatory post-synaptic potentials (EPSP’s) recorded intracellularly 
from over 400 motoneurones that were activated by afferent volleys from a 
wide variety of muscle nerves. It has in this way been possible to give an 
approximately quantitative evaluation of the receptor fields for the mono- 
synaptic excitation of eighteen different species of motoneurones belonging to 
the hind limb, and of four species of motoneurones supplying elbow extensors 
in the forelimb. The receptor field for any species of motoneurone is very 
largely located in the muscle belonging to that motoneurone and in muscles 
which act synergically at the same joint, but there are notable exceptions. The 
significance of receptor field as a measure of synergism will be considered in the 
Discussion. 

METHODS 
The animals (cats) were under light anaesthesia from pentobarbital sodium and the spinal cord 
was divided in the upper lumbar region. The techniques used for intracellular recording from 
motoneurones have been described in recent papers (Brock ef al. 1952; Eccles, Fatt, Landgren & 
Winsbury, 1954; Coombs, Eccles & Fatt, 1955a). Many of the motor nuclei investigated were 


small; and in order to locate them and, once this was achieved, to find the cells, it was necessary 
‘o track systematically, often for several hours. In this procedure it was of importance not to 
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change the micro-electrode and hence to avoid breakage or blockage of the tip. For this purpose it ‘ 
was found to be an advantage to use rather large electrodes with a resistance of about 5 MQ. The | 


technique of superposition of many faint traces has been employed throughout so as to minimize 


disturbances by background noise. In order to make the survey as extensive as possible a large — 


number of muscle nerves (up to 15) was carefully dissected and mounted on stimulating electrodes. 
On insertion of the micro-electrode into a motoneurone it was possible by a rotary switch device to 


identify it as described below and to investigate very quickly the responses evoked by afferent | 


volleys in the whole series of nerves. Special precautions have been taken in order to ensure that 
maximum monosynaptic responses were being evoked by volleys from the various nerves. The 


method of evaluating and allowing for distortions due to potentials generated by other central — 


actions of the muscle nerve volleys will be described later. 


RESULTS 
The identification of motoneurones 


Hitherto, when the responses of single motoneurones were being investigated — 


by recording individually from their axons in the ventral root, a motoneurone 
has been identified as belonging to the muscle whose afferents exercised the 
most powerful monosynaptic excitatory action (Granit & Strém, 1951; Lloyd 
& McIntyre, 1955a, 6; Hunt, 1955). This criterion has been well established 
for the gastrocnemius-soleus motoneurones, for it has been shown that an 
afferent volley in either the lateral or medial branch hardly ever evokes a mono- 
synaptic discharge into the other branch unless it has been potentiated by 
prior tetanization or powerfully facilitated by other excitatory impulses 
(Granit & Strém, 1951; Hunt, 1952; Jefferson & Benson, 1953; Job, 1953; 
Alvord & Fuortes, 1953; Lloyd, Hunt & McIntyre, 1955; Lloyd & McIntyre, 


19555). A similar absence of cross-excitation with the myotatic reflex was — 


reported by Liddell. & Sherrington (1924) for components of the nerve to 
quadriceps muscle, but again cross-excitation between such components has 
been observed (Denny Brown, 1929), particularly during a powerful facilitation 
(Roberts, 1952; Cohen, 1953). Finally Lloyd et al. (1955) found that even in 
the absence of potentiation or facilitation the motoneurones belonging to a 
small branch of the medial gastrocnemius nerve could be excited monosyn- 
aptically by an afferent volley in the remainder of the nerve. 

Certainty in identification requires that the axon of the motoneurone be 


traced to a particular muscle. This is readily accomplished when the responses — 


of a motoneurone are being studied by intracellular recording, for it is necessary 
merely to discover the muscle nerve from which an antidromic impulse can be 
fired up to the motoneurone. This criterion has been uniformly applied in 


determining the species of the motoneurones, over 400 in number, whose — 


responses are described in this paper. 


This method of identification requires that the ventral roots, as well as the : 


dorsal roots, be left intact, and that the various muscle nerves be mounted on 


stimulating electrodes so that each nerve can be stimulated in turn as soon as — 
the micro-electrode is inserted into a motoneurone. It is further necessary to — 
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distinguish between spike potentials which are generated in the motoneurone 
by synaptic and by antidromic stimulation. For example in Figs. 1C, 8D 
and 9B the earlier group of spike potentials arose before the onset of the 
EPSP, and so must have been due to impulses propagated antidromically up 
the motor axon, while the later group was generated by synaptic excitation, 
i.e. by the EPSP. The stimulus applied to the muscle nerves had been set just 
at threshold for that motor axon, evoking an impulse in about half of the 
trials. In Figs. 1 7, 8H and 9F a slightly stronger stimulus invariably set up 
an antidromic impulse and produced the typical antidromic spike potential, 
which was recorded at much lower amplification than in the other records. 

With motoneurones belonging to slow-contracting red muscles, notably 
soleus, conduction in the motor axon is so slow (cf. Eccles, Eccles & Lundberg, 
19576) that the antidromic spike potential does not arise before the EPSP; 
hence it is not possible to discriminate, as in Figs. 10, 8D and 9B, between 
antidromic spike potentials and spike potentials generated synaptically. For 
example, in Fig. 7 D the stimulus was just at threshold for the motor axon in the 
soleus nerve and the spike potentials are seen to begin during the rising phase 
of the EPSP, thus resembling the synaptically excited spikes in Figs. 1C, 8D 
and 9B. However, discrimination has always been effected by observing the 
response evoked when a second stimulus was applied to the nerve. For 
example, in Fig. 7P both stimuli were sufficiently strong to evoke a spike 
potential on every test (cf. Fig. 70), but the second stimulus merely evoked 
the small IS spike response (1S stands for initial segment of axon) which is 
characteristic of an antidromic impulse that fails to invade the soma and 
dendrites of a motoneurone to give an SD spike (Brock, Coombs & Eccles, 
1953; Coombs et al, 1955a). Such an IS spike without a subsequent SD spike 
is never generated by synaptic stimulation of motoneurones except when they 
are in a gravely deteriorated state (Coombs, J. 8., Curtis, D. R. & Kecles, J. C., 
unpublished). 

Occasionally a single antidromic impulse fails to invade the soma and 
dendrites of the motoneurone, setting up merely an IS or even an M spike 
potential (Brock et al. 1953; Eccles, 1955). For example, an M spike may he 
seen immediately preceding the EPSP in Figs. 2H and 4C. It is readily identi- 
fied by its latency, time course and all-or-nothing character. With the moto- 
neurone of Fig. 4 the antidromic impulse initially invaded the soma and 
dendrites giving the large spike potential (Fig. 4B), but later blockage de- 
veloped leaving only the small M spike (Fig. 4C) that was evoked at exactly 
the same latent period and at a similar stimulus strength. 

As would be expected, it has not been possible to determine the species of all 
motoneurones by this procedure of antidromic identification, for some would 
supply muscles whose nerves were not mounted for stimulation. However, 
positive identification by the antidromic test has never been in doubt. With 
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a few motoneurones, spike potentials have been evoked by stimuli applied to : 
more than one muscle nerve, but it has always been possible to show that in all 


but one the spikes were generated synaptically. 


The assessment of the maximum monosynaptic EPSP’s 

When the stimulus applied to a muscle nerve is strong enough to excite all 
the group Ia afferent fibres, and hence to evoke a maximum EPSP, which 
is an essential requirement for the present investigation (cf. Eocies, Eccles & 
Lundberg, 1957), it also will excite other afferent fibres and even some motor 
fibres. Consequently the monosynaptic EPSP will be distorted both by the 
EPSP’s and IPSP’s produced by group Ib and II afferent impulses (Eccles 
et al. 1957a) and by the IPSP that antidromic impulses generate via axon 
collaterals and Renshaw cells (Eccles, Fatt & Koketsu, 1954). Fortunately all 
these distorting potentials have such long latencies that they do not commence 
before the summit of the monosynaptic EPSP. For example, in Fig. 7 F, H, J, 
N an IPSP can be seen cutting into the maximum EPSP just after its summit, 
as may also be seen in Figs. 27, G; 8F; 127, G, H. The maximum value for 
the monosynaptic EPSP may thus be measured directly from such records, 
Occasionally an appreciable extracellular potential is produced by the volley 
from the muscle nerve, particularly if it is antidromically activating moto- 
neurones in ¢lose proximity (cf. Fig. 7H). Extracellular records (cf. Fig. 12 /—K) 
have then usually been taken so that the distortion can be allowed for. 

Measurement of the maximum value for the homonymous EPSP is further 
often complicated by superposition of the antidromic spike potential. The 
threshold of the motor fibres to the slowly contracting red muscles, soleus, 
crureus and the medial head of triceps brachii, is so high that a stimulus giving 
a maximum EPSP (cf. Figs. 3B, 7B) is almost always subthreshold for the 
motor fibre. With other muscles the antidromic spike may be superimposed 
with a stimulus that is sometimes not strong enough to give a maximum mono- 
synaptic EPSP (cf. Figs. 4B, 8C), although usually the alpha efferents have 
higher thresholds than all the Ia afferents (cf. Hoffmann, 1922; Kénig, 1952). 
This complication has been eliminated by blocking antidromic propagation 
into the motoneurone by means of a hyperpolarizing current that is applied 
through the micro-electrode (cf. Fig. 2#). With such a procedure the homony- 
mous and heteronymous EPSP’s have been determined during the passage of 
the same hyperpolarizing current. Furthermore, hyperpolarization has been 


observed to cause very little alteration in the size of EPSP’s (Coombs et al. 


1955c), so values determined in this way do not require correction before 
being compared with values derived for motoneurones that were not sub- 
jected to hyperpolarization. However, the height of the EPSP could not 
then be measured directly because it was superimposed on the declining phase 


of the M spike. In order to obtain an accurate value, records were taken at 
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threshold strength for the motor axon and thereafter at supramaximal strength. 
The EPSP contributed by those afferents with a higher threshold than the 
motor axon could then be added to the EPSP produced by those afferents with 
lower threshold than the motor axon. With some motoneurones antidromic 
blockage developed during the investigation (cf. Fig. 4B, C), and the maximum 
EPSP could then be determined without having recourse to hyperpolarization. 
This developing blockage served to show that in this case the maximum EPSP 
was actually produced by a stimulus that was subthreshold for the motor 
axon (compare Fig. 4D with 4C). A similar complication occurred when the 
EPSP was large enough to generate a spike potential (cf. Fig. 9.B). This compli- 
cation may likewise be eliminated by a hyperpolarizing current. 

It will be noted in the tables that for many types of motoneurone the mean 
membrane potential was considerably below the value of —70 mV that has 
been given for motoneurones virtually undamaged by the impalement (Brock 
et al. 1952; Coombs et al. 1955a). The series has included many motoneurones 
that have abnormally low resting potentials, presumably on account of 
damage by the micro-electrode. It may be assumed that the EPSP’s of these 
motoneurones are also proportionally diminished (cf. Coombs et al. 1955c), but 
the relative sizes of the EPSP’s set up by the various afferent volleys (lower 
sections of tables) should not be affected thereby. The mean EPSP’s given in 
the upper sections of the tables will probably be 10-20% too low for most of 
the motoneurones. 


Monosynaptic excitation of different groups of motoneurones 

Knee extensors. The quadriceps nerve supplies all the knee extensor muscles, 
and for evaluating the receptor fields it has usually been subdivided in 
accordance with its three functional components: the double-joint muscle, 
rectus femoris; the slow red muscle, crureus (also called vastus intermedius) ; 
and the fast pale vasti, i.e. vastus lateralis plus vastus medialis. Often it was 
possible to use only the nerve to vastus lateralis, for the arrangement of 
branches made it difficult to retain the nerve to vastus medialis when isolating 
the nerve to crureus. Seven of the twenty-three rectus motoneurones were 
tested only with rectus and crureus volleys. Originally Sherrington (1910) 
regarded rectus femoris as a hip flexor muscle, but later (Liddell & Sherrington, 
1924) he also gave it a knee extensor function (cf. Eccles & Granit, 1929). 

Fig. 1 illustrates the responses of a rectus femoris motoneurone, in which 
much larger monosynaptic EPSP’s were evoked homonymously (A, B, C) than 
heteronymously from the nerves to the vasti (D), or crureus (£). In every one 
of the twenty-three rectus motoneurones the homonymous EPSP was like- 
wise several times larger than the heteronymous. 

Fig. 2 shows typically that with the monosynaptic responses of vasti moto- 
neurones, the maximal homonymous EPSP (£) is much larger than the 
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maximal responses evoked heteronymously from crureus (F) or rectus (() 
nerves. As noted previously, the antidromic impulse in the motor axon 


produced the small initial M spike in Z. The anomalous monosynaptic EPSP’s . — 
(D, H) evoked by biceps-semitendinosus volleys will be considered later. prod 


Fig. 3. 

A ne 

Sti 

Fig. 1. Upper traces are intracellular records from a rectus femoris motoneurone, internal posi- tre 
tivity (depolarization) being signalled upwards. Lower traces are recorded by an electrode. 
making contact with the L6 dorsal root as it enters the spinal cord, negativity being signalled 
downwards, A, B, C and F are evoked by volleys in rectus femoris nerve; D in vastus 
lateralis; Z in crureus. Strengths of stimulation are indicated on each record relative to the 

threshold strength for that nerve, the threshold for the motor axon being 2-1 on that scale ((), Mot 
Time scales, msec; all intracellular traces at the same speed and all except F at the same 

amplification. 

Re 

Va 

Cr 

B. 
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Cr 

Fig. 2. Asin Fig. 1, but for a vastus lateralis motoneurone and dorsal root traces are above in all -~ 
but one of the respective intracellular traces. A, E are evoked by volleys in vastus lateralis 

nerve; B, F, crureus nerve; C, G, rectus femoris nerve; D, H, biceps-semitendinosus nerve, recta 

Strengths of stimulation are indicated relative to respective thresholds. All intracellular Grani 

traces are at same speed and amplification. vasti | 

fibres 


With the nineteen crureus neurones that have been fully investigated, vastt J oontr; 
volleys have evoked larger monosynaptic EPSP’s (Fig. 3G) than have recept 
crureus volleys (Fig. 3B) in all but two. The crureus volley in B would be solitai 
generating a maximum EPSP, for it was set up by a stimulus 50% strongef by a1 
than that evoking almost the same size of EPSP in EF; hence we have here all mean 
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example of heteronymous EPSP’s that are larger than homonymous. On the 
other hand, the heteronymous rectus volley always evoked an EPSP (D) much 
smaller than the crureus response. Finally Fig. 3H shows the typical IPSP 
produced by the group Ia fibres of the antagonistic muscle, biceps-semi- 
tendinosus. 


| 

A 
| 


Fig. 3. As in Fig. 2, but for a crureus motoneurone. A, B, FE, F are evoked by volleys in crureus 
nerve; C, G, vastus lateralis nerve; D, rectus femoris nerve; H, biceps-semitendinosus nerve. 
Strengths of stimulation are indicated relative to respective thresholds. All intracellular 
traces are at same speed and amplification. 


TaBie l. Knee extensor motoneurones 
Nerves stimulated for testing volleys 


Motoneurones - potential Rectus Vastus Crureus 
A. Mean resting membrane potentials and mean voltages of maximum monosynaptic 
EPSP’s (mV) (numbers of motoneurones investigated in parentheses). 


Rectus 64 (19) ‘9 (23) 0-66 (16) 0-37 (23) 
Vastus 58 (26) ~ 0-55 (25) 2-72 (27) 1-51 (27) | 
Crureus 57 (11) 0-66 (19) 3-45 (19) 2-3 (19) 


B. Means of ratios for heteronymous EPSP’s expressed relative to the corresponding 
homonymous EPSP’s (standard deviations in parentheses). 
Rectus — | 10 0-15 (0-15) 0-09 (0-09) 


Vastus 0-17 (0-12) 10 0-55 (0-18) | 
Crureus — 0-27 (0-20) 1-58 (0-62) 10 


In Table 1A it is seen that, according to the criterion of receptor fields, 
rectus motoneurones form a distinctive subgroup of quadriceps (cf. Eccles & 
Granit, 1929). They receive relatively little monosynaptic activation from the 
vasti and erureus nerves, and, complementarily, impulses in rectus group Ia 
fibres have little excitatory action on vasti and crureus motoneurones. In 
contrast, the vasti and crureus motoneurones have virtually indistinguishable 
receptor fields and are shown ‘boxed in’ by an enclosing line as also is the 
solitary rectus. For example, both types are activated almost twice as strongly 
by a maximum vasti volley as by a maximum crureus volley, the respective 
mean values for EPSP’s being 2-7 and 1-5mV for vasti motoneurones 
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and 3-45 and 2°3mV for crureus motoneurones. Presumably the hetero- 
nymous excitation of crureus motoneurones by vasti volleys is more powerful 
than their homonymous excitation by crureus volleys because there are 
many more group Ia fibres in the vasti nerves than in the crureus nerve. 

The general indication from Table 1A is that a difference in mechanical 
operation of a muscle is reflected in the pattern of monosynaptic activation, 
i.e. the double-joint rectus as against the single-joint vasti and crureus. On the 
other hand, monosynaptic activation shows a relative distribution that takes 
no account of the postural (crureus) or phasic (vasti) function of the muscle, 
though it is more potent on the postural motoneurones, The nerve volleys used 
in Tables 2-4, with the exception of flexor digitorum brevis, were also tested 
on the knee extensor motoneurones and were found to be ineffective mono- 
synaptically except for the occasional actions described in the section on 
aberrant responses. 

In Table 1B the same results are presented in a different way. For each 
motoneurone the sizes of the maximum heteronymous EPSP’s were first 
expressed relative to the maximum homonymous EPSP, and the means and 
standard deviations of these ratios were then calculated for each type of 
heteronymous action on that species of motoneurone. This procedure has been 
devised in order to minimize errors arising on account of the inclusion in the 
series of motoneurones whose resting potentials were distributed over the range 
from the normal value of about 70 mV to as low as 40 mV. It may be assumed 
that any depression of the membrane potential of a motoneurone would cause 
a comparable depression of all the EPSP’s evoked in such a motoneurone 
(cf. Coombs e¢ al. 1955c), i.e. that the ratios calculated as above would be 
unaffected thereby. Consequently the means of these ratios in Table 1 B give 
an undistorted measure of the relative potencies of the Ia excitations exerted 
by the various afferent volleys on any particular species of motoneurone. 

Knee flexors. As first described by Sherrington (1907, 1910) and later con- 
firmed by Lloyd (19465), only a fraction of the hamstring group of muscles 
responds in the flexor reflex. The semimembranosus muscle is entirely con- 
cerned in extension of the hip, as also is the anterior part of biceps femoris. As 
a routine procedure we have subdivided the nerve to biceps femoris into two 
components which we have called biceps femoris anterior and biceps femoris 
posterior, the former being the most proximal branch or branches, passing 
anteriorly through the muscle, while the latter comprises the remaining one or 
two branches. This subdivision has been found to be rather successful in 
conserving the knee-flexor component, all but one of the twenty-one posterior 
biceps motoneurones being synergic with the semitendinosus. Our experi- 
ments have also confirmed Sherrington (1907, 1910) in showing that the 
gracilis muscle functions as a knee flexor, fér the twenty-five gracilis moto- 
neurones have all been heteronymously activated by a volley in the combined 
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semitendinosus-posterior biceps nerve, and out of twenty-five semitendinosus 
motoneurones only three failed to receive monosynaptic innervation from 
gracilis. 

As illustrated in Fig. 42, @, K, posterior biceps volleys have always mono- 
synaptically innervated semitendinosus motoneurones, but to a smaller 
extent than the homonymous innervation (Fig. 4B, C, J). Furthermore, 
gracilis volleys have almost always had a small monosynaptic excitatory 
action (cf. Fig. 42). On the other hand, no monosynaptic excitatory action 
has ever been observed for anterior biceps volleys (Fig. 4) or for sartorius 
volleys. 


D, 1.57 


Fig. 4. As in Fig. 2, but for a semitendinosus motoneurone. A, B, C, D are evoked by volleys in 
semitendinosus nerve; #, G, posterior biceps; F, anterior biceps; H, quadriceps. The dorsal 
root trace is recorded from L7 dorsal root as it enters the spinal cord. Strengths of stimula- 
tion are indicated as in Fig. 1. /—Z are records from a different semitendinosus motoneurone 
showing EPSP evoked by semitendinosus volleys, /, J; by posterior biceps volley, K; and by 
a gracilis volley, L. Intracellular traces A-H are at the same speed and amplification. 
Separate time scale for J-L and potential scales for -K and for L. 


Posterior biceps motoneurones have closely resembled semitendinosus, 
heteronymous excitation by semitendinosus volleys (cf. Fig. 5D) being again 
always less than homonymous (Fig. 5A). However, there is a significant 
difference from semitendinosus motoneurones in that gracilis volleys have had 
ho monosynaptic action on the fourteen posterior biceps motoneurones that 
have been so tested (cf. Fig. 5F). The same gracilis volley was observed to 
excite monosynaptically several semitendinosus motoneurones in close 
proximity to these posterior biceps motoneurones (Fig. 42). 

On gracilis motoneurones it was remarkable that the heteronymous 
excitatory action of a volley in the combined semitendinosus-posterior biceps 
nerve was sometimes almost as large as the homonymous excitatory action, 
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heteronymous action (mean 64% of the homonymous, cf. Table 2B) was 
exerted on motoneurones about two segments more rostral than the level of 
entry of the afferent volley into the spinal cord. The identification of gracilis 
motoneurones as knee flexors is also indicated by the direct inhibitory action of 


C14 


Fig. 5. Asin Fig. 
dorsal root trace in all but F. A, B, C are evoked by volleys in posterior biceps nerve; D, EF by 
semitendinosus nerve; F by gracilis nerve. Strengths of stimulation are indicated relative to 
the respective thresholds. All intracellular traces are at same speed and amplification. 


msec 


Fig. 6. As in Fig. 1, but for a gracilis motoneurone, and the dorsal root traces are below the 
respective intracellular traces. A, B are evoked by volleys in gracilis nerve; C by semi- 
tendinosus nerve and D by posterior biceps nerve. All intracellular traces are at same speed 


quadriceps group Ia volleys. It is now possible to identify as gracilis moto- 
neurones the two motoneurones monosynaptically innervated from semi- 
tendinosus-biceps posterior that Eccles, Fatt & Landgren (1956) found in the 
upper L6 segment, and which were then believed to be sartorius motoneurones. 
The complete results of our experiments on eighty-three knee-flexor 
motoneurones are shown in Tables 2.4 and B. Semitendinosus and posterior 
biceps are closely linked by their receptor fields and are shown ‘boxed in’ by 
an enclosing line in Table 2. Gracilis appears to be more independent, at least 
in so far as posterior biceps motoneurones are concerned. Anatomically 
gracilis and semitendinosus muscles have very similar points of insertion on 
the medial side of the tibia; hence a similarity of receptor fields would be 


expected for their respective motoneurones despite the large segmental 


semitendinosus in particular heing very effective (Fig. 6C). This powerful 
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separation, The nerve volleys used in Tables 1, 3 and 4, with the exception of 
flexor digitorum brevis, were also tested on the knee flexor motoneurones and 
were found to be ineffective monosynaptically except for the occasional 
actions described in the section on aberrant responses. 


TaBLe 2. Knee flexor motoneurones 
Nerves stimulated for testing volleys 
Motoneurones potential Posterior biceps Semitendinosus Gracilis 


A. Mean resting membrane potentials and mean voltages of maximum monosynaptic 
EPSP’s (mV) (numbers of motoneurones investigated in parentheses). 


Posterior biceps 58-7 (20) | 3-5 (20) QI 0 (14 
Semitendinosus 60 (25) 1-8 (37) 4-75 (35) | Obs ies) 
Gracilis 51 (8) 0-65 (11) 1-7 (11) 3-38 (12) 


60 (13) 1-95 (14) 3-2 (14) 


B. Means of ratios for heteronymous EPSP’s expressed relative to the corresponding 
homonymous EPSP’s (standard deviations in parentheses). 


Posterior biceps — 10 0-55 (0-21) | 0 (9) 
Semitendinosus —_— 0-39 (0-18) 1-0 0-19 (0-13) 
Gracilis sie 0-24 (0-25) 0-51 (0-13) 10 


0-64 (0-29) 1-0 


Motoneurones with axons in popliteal nerve. The investigation was initially 
concerned with motoneurones that functioned primarily as ankle extensors, 
i.e. in the soleus-gastrocnemius group, but it was found that they shared 
receptor fields with plantaris motoneurones and these in turn with flexor 
digitorum brevis and flexor digitorum longus motoneurones, hence the investi- 
gation was extended to cover all of these motoneurones. Motoneurones 
belonging to other muscles innervated by the popliteal nerve were not system- 
atically examined. However, afferent volleys in the nerve to tibialis posterior 
muscle invariably had weak monosynaptic actions on lateral gastrocnemius 
and plantaris motoneurones, so possibly this muscle has some ankle extensor 
function. Sherrington (1910) reported that the tibialis posterior muscle did not 
respond either as an extensor or flexor muscle. 

Fig. 7 illustrates the characteristic responses evoked in a soleus motoneurone 
by afferent volleys in a variety of muscle nerves. The soleus afferent volley 
always generated a larger monosynaptic EPSP (B) than the maximum re- 
sponses evoked by such heteronymous volleys as those in lateral gastrocnemius, 
medial gastrocnemius and plantaris nerves (F, H and J respectively). An 
additional feature of great interest (records M and N) was that the group la 
impulses of quadriceps nerve almost always (12 out of a total of 13) evoked a 
monosynaptic EPSP in soleus motoneurones. It has further been shown that 


this monosynaptic excitatory action is exerted by afferent impulses from both 
3 PHYSIO. OXXXVII 


The large brackets signify that the two nerves were used conjointly. | 
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the vastus and crureus branches to quadriceps muscle, while in the few tests 
so far made the rectus branch has been ineffective (cf. Fig. 7L). Finally 
Fig. 7K illustrates the invariable finding that an afferent volley in the nerve to 
flexor digitorum longus has no monosynaptic excitatory action on soleus 
motoneurones. 


M_1-10 N O 64 P 
m 
msec 
msec 


Fig. 7. As in Fig. 4, but for a soleus motoneurone. A, B, 0, D, O, P are evoked by volleys in 
soleus nerve; HZ, F, lateral gastrocnemius; G, H, medial gastrocnemius; J, J, plantaris; K, 
flexor digitorum longus; L, rectus femoris; M, N, vasto-crureus. Strengths of stimulation 
are indicated as in Fig. 1. All traces except D and O are at same slow rate. Voltage scale is 
common to all intracellular traces except D, O and P. Separate msec scales for D, O. 


In Fig. 8 a medial gastrocnemius motoneurone is seen also to be much more 
effectively activated homonymously (B) than heteronymously by afferent 
volleys in lateral gastrocnemius and soleus nerves (F and J respectively). In 
contrast to soleus motoneurones, the twenty medial gastrocnemius moto- 
neurones were never monosynaptically activated by quadriceps volleys (cf. 
Fig. 8L), and, with the exception of two very small responses, were also not 
activated by plantaris volleys (cf. Fig. 8G). Almost invariably flexor digi- 
torum longus volleys were ineffective (Fig. 8K). 

A very unusual arrangement of synergic muscles is presented by plantaris 
and flexor digitorum brevis which pull in series instead of the usual in- 
parallel arrangement of synergists. The plantaris tendon passes through 
a tunnel in the gastrocnemius-soleus tendon and so around the tuberosity of 
the calcaneus and into the plantar region of the foot, where the flexor 
digitorum brevis muscle is, as it were, interpolated in the tendon. A very high 
degree of reciprocity of receptor fields might be expected for two muscles thus 
pulling through each other, for very little tension can be developed by an 
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active muscle in series with a flaccid muscle. However, as illustrated in Fig. 9D, 
the flexor digitorum brevis volleys did not have a specially potent hetero- 
nymous excitatory action, and, reciprocally, plantaris volleys were also not 
specially potent on flexor digitorum brevis motoneurones (cf. Table 3). 
Presumably the homonymous excitatory action is adequate to cause a reflex 
contraction of one of the in-series synergic pair if the other is contracting and 
pulling through it. This mechanism for ensuring co-contraction of synergists is 


D 1-55 


Fig. 8. As in Fig. 4, but for a medial gastrocnemius motoneurone. A, B, C, D, H are evoked by 
volleys in medial gastrocnemius nerve; #, F by lateral gastrocnemius; /, J by soleus; G by 
plantaris; K by flexor digitorum longus; L by quadriceps volleys. Strengths of stimuli are 
indicated on each record relative to the threshold strength for that nerve, the threshold for 
the motor axon being 1-55, Time scales :nsec; all traces except D and H being at the slow rate. 
Common voltage and time scale for all intracellular traces except D and H. 


VEG 
msec 


A 1.47 


Fig. 9. As in Fig. 5, but for a plantaris motoneurone. A, B, F are evoked by volleys in plantaris 
nr O, by flexor digitorum longus nerve; D, by flexor digitorum brevis nerve; £, by 
jus-soleus nerve. Strengths of stimulation are indicated relative to the respective 

thresholds, All intracellular traces are at same speed and amplification except F, which has 


a separate potential scale. 
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of course not operable with in-parallel synergists. The monosynaptic excitatory 
action of a gastrocnemius-soleus volley on plantaris motoneurones was usually 
much smaller than that illustrated (Fig. 92), and sometimes was absent. 
Usually flexor digitorum longus volleys had a monosynaptic excitatory action 
on plantaris motoneurones of about the size illustrated in Fig. 9C. 


Taste 3. Motoneurones supplying popliteal nerve 
Nerves stimulated for testing volleys 
Moto. Resting Medial Lateral 
neurones potential gastroc. gastroc. Soleus Plantaris FDB FDL Quad 
A. Mean resting membrane potentials and mean voltages of maximum monosynaptic 
EPSP’s (mV) (numbers of motoneurones investigated in parentheses). 


Medial 61 62 105 _ 
18 20 15 

gastroc. (6) (10) (10) (10) (10) (2) (4) (6) 

Soleus 59 2-3 5-6 13 0-95 
(8) (9) (6) (9) (9) (6) (13) 

Plantaris 57 0-4 505 «OOS 0 
(31) (22) - (33) (17) (26) (8) 

FDB 51 0-1 045 24 0-1 
(7) (3) (8) (9) (5) 

FDL 66 0-1 0-3 03 68 0 
(29) ‘ (26) (29) (3) 31 (5) 


B. Means of ratios for heteronymous EPSP’s expressed relative to the corresponding 
homonymous EPSP’s (standard deviations in parentheses). 


gastroc. (008) (12) | (01) 

Lateral 1-0 0-62 0-5 0 0 0-04 

gastroc. (0-25) (0-38) | (0-27) (0-05) 

Soleus 0-36 0-26 1-0 0-27 0-16 

(0-17) (018) (0-19) (0-2) 

Plantaris ose 0-08 1-0 0-32 | O18 0 
(0-06) (0-11) | (16) 

(1) (0-06) 

FDL 0-04 009 +4003 [| 10 | 0 

(0-03) (0-1) (0-04) 


FDB=Flexor digitorum brevis; FDL =flexor digitorum longus. The large brackets signify 
that the three nerves were used conjointly. 


Since the essential quantitative values are stated in Tables 3A and B, no 
illustrative figures need be given for motoneurones belonging to the other 
muscles. The gastrocnemius-soleus motoneurones are seen to be a closely 
linked group with an exclusive ankle-extensor function, and are shown 
“boxed in’ by an enclosing line, as also are the in-series synergists, plantaris 
and flexor digitorum brevis. It is further seen that the plantaris serves to link 
together such otherwise unrelated groups as the gastrocnemius-soleus on the 
one hand and the flexor digitorum brevis and longus on the other. For 
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example, plantaris afferent volleys have a very effective excitatory action on 
soleus and lateral gastrocnemius motoneurones, and are also fairly effective on 
both types of flexor digitorum motoneurones. These diverse actions are 
reciprocated in the receptor field for plantaris motoneurones. This bivalent 
action of plantaris is not unexpected, for it is effectively placed to act both in 
extending the ankle and in plantar-flexing the digits. Table 3 further indicates 
that flexor digitorum longus is relatively isolated from the other muscles 
innervated by the popliteal nerve, and is individually ‘boxed in’. This 
isolation is to be expected on account of its special function of claw protrusion 
(cf. Lloyd & McIntyre, 1948). The poverty of heteronymous excitation appears 
to be compensated by a powerful homonymous action. 

Motoneurones of the postural red muscle, soleus, are observed to be sub- 
jected to a remarkably powerful monosynaptic excitatory action, aggregating 
almost 11 mV on the average, which is about 25% above the next highest 
aggregate. It appears from Table 3B that medial and lateral gastrocnemius 
nerves differ very much in the reciprocal action on their respective moto- 
neurones. A medial gastrocnemius volley produces in lateral gastrocnemius 
motoneurones a monosynaptic EPSP which is larger (ratio 1-11) than that 
produced by a lateral gastrocnemius volley. In the reciprocal situation the 
lateral gastrocnemius volley is only about one-fifth (ratio 0-19) as effective as 
the homonymous volley. The lateral gastrocnemius motoneurones appear to 
resemble soleus more than medial gastrocnemius motoneurones, Thus plantaris 
volleys invariably exerted a monosynaptic action on both soleus and lateral 
gastrocnemius motoneurones, whereas there was only a very small action on 
five of the nineteen medial gastrocnemius motoneurones. However, this 
similarity did not fully extend to the action of quadriceps volleys, which 
exerted only a slight monosynaptic action on two lateral gastrocnemius moto- 
neurones in contrast to their much more potent action on twelve of the thirteen 
soleus motoneurones. The nerve volleys used in Tables 1, 2 and 4, with the 
exception of gracilis, were also tested on the motoneurones of Table 3 and were 
found to be ineffective monosynaptically except for the occasional actions 
described in the section on aberrant responses. 

Motoneurones with axons in the peroneal nerve. According to Sherrington 
(1910) tibialis anterior and extensor digitorum longus are the principal ankle 
flexors. Peroneus longus and extensor digitorum brevis also responded in 
flexor reflexes, but peroneus brevis and tertius failed to exhibit either an 
excitatory or inhibitory reaction, and so could not be classified in his flexor 
and extensor subdivision. 

Tibialis anterior muscle operates as a simple ankle flexor, and correspond- 
ingly the receptor field of its motoneurones always includes the extensor 
digitorum longus muscle (ef. Fig. 10C) but virtually not at all the other muscles 
supplied by the peroneal nerve (Fig. 10D, E, F). 
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A wider receptor field is exhibited by the peroneus longus motoneurone of 
Fig. 11. Invariably, as in Fig. 110, Z, volleys from extensor digitorum longus 
and peroneus brevis nerves evoked good monosynaptic responses, while 
a peroneus tertius volley also usually gave a small response, as in Fig, 11 F. In 


contrast, volleys from tibialis anterior and extensor digitorum brevis nerves 


usually were ineffective, as in Fig. 11H, though on occasional motoneurones 
there was a slight action (cf. Fig. 114). 


A 245 


Fig. 10. As in Fig. 4 but for a tibialis anterior motoneurone. A, B are evoked by volleys in 
tibialis anterior nerve; C, by extensor digitorum longus nerve; D, by peroneus brevis nerve; 
E, by peroneus tertius nerve; F, by peroneus longus nerve. Strengths of stimulation are 
indicated relative to the respective thresholds. All intracellular traces are at same speed and 
amplification. | 


Fig. 11. As in Fig. 5, but for a peroneus longus moteneurone. A, B, D are evoked by volleys in 
peroneus longus nerve; C, extensor digitorum longus nerve; Z, peroneus brevis nerve; F, 
peroneus tertius nerve; G, tibialis anterior nerve; H, extensor digitorum brevis nerve. 
Strengths of stimulation are indicated relative to the respective thresholds. All intracellular 
traces except D are at same speed and amplification. 


The complex pattern of interaction is shown in Table 4. At the top left 
corner the ankle flexors, tibialis anterior and extensor digitorum longus are 
“boxed in’ by an enclosing line because they have a close reciprocal linkage by 
receptor fields, with homonymous activation about three times more powerful 
than heteronymous. On the lower right corner the three peroneus muscles 
appear also to be reciprocally linked and are similarly ‘boxed in’. Unfortu- 
nately the numbers of peroneus brevis and tertius motoneurones were too 
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small to allow final conclusions to be drawn, but such a linkage is very probable 
because the three muscles operate similarly as everters of the foot. Operation- 
ally it would also be expected that extensor digitorum longus and brevis 
would be reciprocally linked on account of their common action in dorsi- 
flexing the digits, but the linkage is seen to be surprisingly weak in Table 4, 


TaBLE 4. Motoneurones supplying peroneal nerve 
Nerves stimulated for testing volleys 
“Tibialis Peroneus Peroneus Peroneus 
Motoneurones potential anterior EDL EDB longus brevis __ tertius 


A. Mean resting membrane potentials and mean voltages of maximum monosynaptic 
EPSP’s (mV) (numbers of motoneurones investigated in parentheses). 


Tibialis 59 4-5 . 0 0 0 0 
anterior (12) (14) (ia) (9) (11) (11) (8) 
EDL 68 0-9 ; eT 0-4 0-4 0-3 0-2 

(14) (15) (15) (14) (15) (14) (7) 
EDB 59 0-12 0-5 2-2 0: 1-5 0-5 
(15) (16) (17) (17) | (16) (17) | (7) 
Peroneus 0 6 0-03 3 1-56 0-19 
longus (12) (12) (13) (7) (13) (9) (5) 
Peroneus 70 0 0-1 1-75 2-1 — 
brevis (3) (3) (3) (3) (3) (3) 
Peroneus 70 0-2 — 1-0 2-2 3-2 
tertius (1) (1) (1) (1) _ 


B. Means of ratios for heteronymous EPSP’s expressed relative to the corresponding 
homonymous EPSP’s (standard deviation in parentheses). 


Tibialis “ns TO 0-45 0 0 0 0 
anterior (0-24) 
EDL olen 0-22 § 10 0-14 — 0-2 0-13 0-12 
(0-21) | (0-13) (0-15) (0-08) (0-18) 
EDB jose 004 5 0-21 1-0 0-07 0-61 0-23 
(0-05) § (0-13) (0-15) (0-59) (0-32) 
Peroneus pate 0 0-41 0 1-0 
Peroneus 0 0-03 0-92 
brevis (0-05) (0-05) (0-10) 


E.D.L. «Extensor digitorum longus; E.D.B.=extensor digitorum brevis. Thé large brackets 
signify that the two nerves were used conjointly. 


and consequently the ‘boxing’ is shown by a dotted line only. These various 
‘boxed in’ subgroups are seen to include most of the effective monosynaptic 
actions of Table 4. However, extensor digitorum longus volleys also exert 
a strong monosynaptic action on peroneus longus motoneurones, and peroneus 
brevis volleys very effectively excite extensor digitorum brevis motoneurones, 
this latter heteronymous action upon several motoneurones being more 
powerful than the homonymous action on them. Finally a general feature of 
Table 4 is the wide range of the receptor fields from which extensor digitorum 
longus and brevis motoneurones draw their monosynaptic excitation. The 
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nerve volleys used in Tables 1-3, with the exception of gracilis and flexor 
digitorum brevis, were also tested on the motoneurones of Table 4, and were 
found to be ineffective monosynaptically except for the occasional actions 
reported in the section on aberrant responses. 

Motoneurones innervating elbow extensors. By similar techniques the mono- 
synaptic receptor fields have also been determined for the forelimb muscles 
that extend the elbow. There is a close parallel between the assembled results 
in Table 5 and those for the knee extensors in Table 1. For example, caput 
longum of triceps brachii resembles rectus femoris in being a double-joint 


5. Elbow extensor motoneurones 
Nerves stimulated for testing volleys 
t Caput Caput 
Motoneurones Interale medi Anconeus 
A. Mean resting membrane potentials and mean voltages of maximum monosynaptic 
EPSP’s (mV) (numbers of motoneurones investigated in parentheses). 
Caput longum 56-5 (25) 3-8 (33) 0-13 (27) 0-58 (32) 0-09 (24) 
Caput laterale 57-5 (19) 1-03 (22) 


) 
Caput mediale 57 (27) 1-26 (19) 1-95 (19) 3-44 (30) 1-2 (25) 
Anconeus 58-5 (6) 0-47 (3) 1-62 (6) 2.85 (7) 1-84 (7) 


B. Means of ratios for heteronymous EPSP’s expressed relative to the corresponding 
homonymous EPSP’s (standard deviation in parentheses). 


Caput longum se 1-0 0-04 (0-09) 0-16 (0-22) 0-03 (0-07) 
Caput laterale 1-04 (0-66) [TO 

Caput mediale 0-50 (0-17) | 0-61 (0-15) 10 0-39 (0-21) 
Anconeus on 0-55 (0-09) | 1-14 (1-2) 1-64 (0-71) 140 


muscle, the respective origins being from the shoulder girdle and the pelvic 
girdle. Correspondingly caput longum motoneurones resemble rectus femoris 
motoneurones in receiving very little heteronymous monosynaptic excitation 
from the nerves to the other elbow extensors, but the nerve to caput longum is 
relatively effective on motoneurones of the other elbow extensors. On the 
other hand, the remaining elbow extensors form a group with close reciprocal 
linkage by receptor fields, as ‘boxed in’ by an enclosing line in Tables 5A 
and B. The red, slow, caput mediale is remarkable both for the powerful 
monosynaptic excitatory action exerted on its motoneurones and for the very 
effective heteronymous excitatory action of its nerve. The anconeus muscle is 
also partly of the red, slow type and its motoneurones occupy an inter- 
mediate position. The aggregate monosynaptic EPSP is about 20% larger for 
caput mediale motoneurones than for anconeus motoneurones, which in turn 
have a much higher aggregate than the motoneurones of the other two heads 
of triceps brachii. Afferent volleys in other forelimb nerves were not tested on 
the motoneurones of Table 5. 
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Aberrant monosynaptic responses 

It would hitherto have been assumed that the excitatory monosynaptic 
connexions conformed to a normal pattern only when they occurred within 
a synergic group of muscles as strictly defined by Lloyd (19465) and by 
Laporte & Lloyd (1952), that is, within a group of muscles actively subserving 
one particular movement at a joint, for example flexion or extension at the 
ankle. A number of responses have been found that do not conform to this 
pattern. Some have been frequently observed: the almost invariably observed 
monosynaptic excitation of soleus motoneurones by quadriceps volleys (cf. 
Fig. 7M, N; Table 3); the occasional monosynaptic excitation of lateral 
gastrocnemius motoneurones by quadriceps volleys (Table 3); the small 
monosynaptic excitation of extensor digitorum brevis motoneurones by 
tibialis anterior volleys (Table 4). 

Other deviations from the expected pattern have been observed only 
occasionally and these will here be classified as aberrant responses. Several 
motoneurones belonging to the anterior tibial group of muscles were found to 
_Teceive monosynaptic excitatory action from biceps-semitendinosus and others 
from gastrocnemius and plantaris. Brock et al. (1952) reported two examples 
of aberrant connexions, but the one illustrated can now be interpreted as a 
direct IPSP that had been inverted by diffusion of chloride ions out of the 
microelectrode. In the other example a peroneus longus volley monosynaptic- 
ally excited a gastrocnemius motoneurone. An aberrant connexion that has 
also been observed with several motoneurones in more than one experiment is 
illustrated in Fig. 2D, H. A biceps-semitendinosus volley monosynaptically 
excited a vastus motoneurone instead of the normal direct inhibitory 
action, which was even observed in some adjacent quadriceps moto- 
neurones, though two others also exhibited the same aberrant action as in 
Fig. 2D, H. 

The experiment illustrated by Fig. 12 provided extreme examples of 
aberrancy of monosynaptic connexions. The ventral roots were divided, so 
antidromic identification could not be done; however, the large EPSP in 
Fig. 12.4, E suggested that the motoneurone belonged to the posterior biceps- 
_Semitendinosus group, yet it was also monosynaptically innervated by 
gastrocnemius (B, F) and by quadriceps (C, D, G, H) afferent fibres. In both 
cases depolarizing the motoneurone revealed the presence of a later hyper- 
polarizing IPSP (F, G, H), so the initial depolarizing response was not due 
to an IPSP that had been inverted by diffusion of Cl- ions out of the 
microelectrode (cf. Coombs et al. 19556). Furthermore, the extracellular 
records J and K showed that the recorded responses were actually depolariza- 
tions of the motoneuronal membrane with latencies of 0-45 msec, and 0-8 msec 
for the responses to gastrocnemius and quadriceps volleys respectively. At 
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this segmental level all nine of the intracellularly investigated biceps-semi- 
tendinosus motoneurones were monosynaptically activated by gastrocnemius 
volleys and three of these also by quadriceps volleys. Such monosynaptic 
activation by quadriceps is directly opposed to the usual inhibitory action 
which these same group Ia afferent fibres exert on biceps-semitendinosus 
motoneurones. The IPSP revealed in Fig. 12G, H had such a long latent period 
and high threshold that it would have been due to group Ib and II afferent 
impulses. However, in this experiment several other biceps-semitendinosus 
motoneurones at this and other segmental levels were directly inhibited by 
quadriceps group Ia impulses. No trace of aberrant connexions either of 
gastrocnemius or of quadriceps group Ia afferent fibres were detectable in the 


A 1-29 


Fig. 12. As in Fig. 4, but for a motoneurone of the itendinosus-biceps posterior nucleus; 
I, J and K were recorded extracellularly in close proximity to the motoneurone. (Ventral 
roots were cut, so antidromic identification was not possible.) A, Z, J are evoked by volleys 
in the itendi biceps posterior nerve; B, F, J, by gastr soleus nerve; 
C, D, G, H, K, by quadriceps nerve. Depolarizing current applied during F, G and H. 
Strengths of stimulation are indicated relative to the respective thresholds. All intracellular 
traces are at same speed and amplification, as also are the extracellular traces, J, J, K. 


four biceps-semitendinosus motoneurones that were intracellularly investi- 


gated at a region of the spinal cord three millimetres caudal to this abnormal — 


focus, A similar monosynaptic excitation of some biceps-semitendinosus 


motoneurones by group I gastrocnemius volleys has been observed in three. 


other experiments. 

In another experiment on an animal with divided ventral roots a group of 
neurones was encountered which received monosynaptic excitatory action 
from both biceps-semitendinosus and gastrocnemius-soleus. These moto- 
neurones could of course not be identified with certainty, but, since some of 
them received their main monosynaptic innervation from the gastrocnemius- 
soleus muscle, and since there was also a trace of ‘direct’ inhibition from the 
deep peroneal nerve, but not from quadriceps, it is likely that some of them at 
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least belonged to the gastrocnemius-soleus nuclei. In one of them a gastro- 
enemius-soleus volley produced an EPSP of 5-5 mV, as against 4-2 mV from 
the biceps-semitendinosus nerve. 

It is at present not possible to say whether the occasionally encountered 
inter-connexion between biceps-semitendinosus and gastrocnemius-soleus has 
a functional significance or should be classified solely as an aberrancy. In a 
number of cats part of the semitendinosus muscle ends in a tendon which joins 
the Achilles tendon and sometimes this also occurs for biceps femoris. It is 
therefore possible that parts of these muscles may act as an ankle extensor and 
thus be synergic with the gastrocnemius-soleus muscle. as 


DISCUSSION 


When the species of a motoneurone has been determined, as above, it is 
possible to discover if there are distinctive differences between the synaptic 
potentials generated in it by afferent impulses from its own muscle (homo- 
nymous responses) and the synaptic potentials generated by impulses from 
other muscles (heteronymous responses). With monosynaptic EPSP’s it has 
been invariably observed that, apart from differences in size, homonymous 
and heteronymous responses have no distinguishable features. 

This similarity of latent period and time course is best displayed when the 
sizes of the respective afferent volleys are adjusted so that the EPSP’s are 
approximately equal in magnitude. For example in Fig. 4 the homonymous 
(A) and heteronymous (#) EPSP’s are indistinguishable. Furthermore, it is 
important to ensure that the monosynaptic EPSP’s are not distorted by 
responses that are evoked by impulses in the higher threshold fibres in the 
muscle nerves, especially in group Ib fibres; hence, for purposes of this com- 
parison, it is essential to employ stimuli so weak that they are usually sub- 
maximal for the group Ia fibres (cf. Eccles et al. 1957a). For example in Fig. 7 
the submaximal heteronymous EPSP’s (2, G, I and M) are seen to have the 
same time course as the submaximal homonymous EPSP (A), though differing 
from it in size. Similar comparisons may be made between the appropriate 
EPSP’s in Figs. 1, 2, 3, 5, 6, 8, 9, 10 and 11. Usually the homonymous EPSP 
has been larger than that heteronymously evoked from any other nerve, but 
there have been many individual exceptions and several means of ratios are 
over 1-0 in Tables 1B, 3B and 5B, the highest values being observed for 
volleys from the vasti on to crureus motoneurones and volleys a caput 
mediale on to caput laterale and anconeus motoneurones. 

It has been suggested (Lloyd, 1946a; Hunt, 1955) that homonymous 
synaptic activation is specially potent in evoking the discharge of impulses 
from a motoneurone because the synapses are strategically clustered together 
in one or more zones, while heteronymous synapses are more uniformly 
dispersed, and hence effective for facilitation rather than for the generation of 
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impulses. It could be argued that intracellular recording gives merely a diffuse 
lead from the interior of the motoneurone (the soma and adjacent dendritic 
regions), and so would not reveal this postulated difference between homo- 
nymous and heteronymous synaptic distribution. The concept that zonal 
grouping gives activated synapses special potentiality for generating impulses 
has been developed in order to explain observations on the spatial summation 
of activated synapses (Lorente de N6, 1938; Eccles, 1939; Lloyd, 1945, 1946a; 
Hunt, 1955), but in a theoretical analysis Rall (1955) has shown that the 
observations are just as well explained by the simpler hypothesis that the 
number of activated synaptic knobs is itself sufficient to determine the discharge 
of a motoneurone regardless of their distribution over the surface. Thus there 
is at present no experimental discrimination between the zonal and global con- 
cepts of synaptic activation of a motoneurone. 

Recently it has been shown by intracellular recording that with synaptic 
activation of a motoneurone the impulse is always initiated by a small spike 
exactly as occurs with antidromic activation (Araki & Otani, 1955; Fuortes, 
Frank, Becker & Morrell, 1957; Fatt, 1957; Coombs, J. 8., Curtis, D. R. & 
Kecles, J. C., unpublished). There is strong experimental support for the 
concept that the small spike is generated by the initial segment of the axon 
(axon hillock plus non-medullated segment), which has a much lower threshold 
than the soma-dendritic membrane (Araki & Otani, 1955; Fuortes et al. 1957; 
Coombs, J. 8., Curtis, D. R. & Eccles, J. C., unpublished). Activated excita- 
tory synapses contribute to the initiation of an impulse in so far as they are 
effective in depolarizing the initial segment, any zonal distribution which they 
may have being without significance. The zonal concept appears to have 
become untenable, and the global concept is sufficient to explain the initiation 
of impulses by summation of individual synaptic excitations, whether 
homonymous or heteronymous. The intracellularly recorded EPSP therefore 
becomes a direct measure of the excitatory potency of any afferent volley, 
for it will be virtually identical with the depolarization that is produced in the 
initial segment. Thus, in order to evaluate the monosynaptic excitatory actions 
which are exerted on a motoneurone by afferent volleys in various muscle 
nerves, it should be necessary merely to measure the sizes of the respective 
EPSP’s as observed with intracellular recording. This deduction has been 
confirmed experimentally by the observation that homonymous and hetero- 
nymous EPSP’s are also indistinguishable with respect to the levels of depolar- 
ization at which they initiate the discharge of impulses (Eccles, J. C., Eccles, 
R. M. & Lundberg, A., unpublished). 

The main purpose of the present investigation on various species of moto- 
neurones has been to determine the receptor fields from which they draw 
their monosynaptic excitation, i.e. to discover, for a particular species of 


motoneurone, the muscles whose annulo-spiral endings enter into mono-— 
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synaptic connexion with it via the group Ia fibres. Such monosynaptic inter- 
connexions between a certain number of muscles have been investigated by 
employing facilitation of monosynaptic reflexes (Lloyd, 19466; Eccles, 1946; 
Laporte & Lloyd, 1952). The present investigation not only confirms and 
extends these earlier qualitative findings, but it also provides a quantitative 
evaluation of these interconnexions. The earlier work led to the postulate that 
monosynaptic interconnexion is restricted to those muscles that act as 
synergists for a given joint, e.g. that it occurs within such groups as the ankle 
extensor muscles or the knee flexor muscles (cf. Lloyd, 19466; Laporte & 
Lloyd, 1952). This postulate has been confirmed with the great majority of 
motoneurones, but there have been exceptions, the most notable being the 
almost invariably observed monosynaptic connexions from quadriceps group 
Ia afferent fibres on to soleus motoneurones. Further examples of motor 
nuclei monosynaptically innervated from muscles operating at different joints 
have been observed by R. M. Eccles & A. Lundberg (unpublished). 

Sherrington (1898, 1913) originally applied the term ‘synergic’ to ‘muscles 
which act mechanically in the same direction at the same joint’ and to 
‘muscles which act similarly at two neighbouring joints which commonly flex 
or extend together’. By neighbouring he implied all joints of a limb. More 
recently only muscles in the first category have been referred to as synergists. 
The monosynaptic interconnexions between muscles, whether they operate 
similarly at the same or adjacent joints, do not always show reciprocity. For 
example, it is unidirectional from posterior biceps to gracilis (Table 2); from 
quadriceps to soleus (Table 3); from peroneus brevis to extensor digitorum 
brevis (Table 4); and from caput longum to caput laterale of triceps brachii 
(Table 5); hence there is need for a term that expresses quantitatively the 
relationship of any particular type of motoneurone to the field from which it 
draws its monosynaptic innervation. It is proposed to express this relationship 
by the term ‘the la receptiveness of a motoneurone’. The mean relative 
values for the Ia receptiveness of the various species of motoneurones are 
given by the means of ratios in the lower sections of Tables 1-5. Thus, for 
example, an average soleus motoneurone has a Ia receptiveness, relative to its 
homonymous activation, of 0-36 for medial gastrocnemius, 0-26 for lateral 
gastrocnemius, 0-27 for plantaris and 0-16 for quadriceps (Table 3B), while an 
average semitendinosus motoneurone likewise has a Ia receptiveness of 0-39 
for posterior biceps and 0-19 for gracilis (Table 2B). Many of the means of 
ratios in the lower sections of Tables 1-5 exhibit large standard deviations, 
which arise mainly because these ratios have been determined in many 
different experiments. In any one preparation motoneurones of a particular 
species usually show much less variation in the ratios. 

The monosynaptic excitatory action of quadriceps afferent volleys on soleus 
motoneurones may indicate that, in standing, a single postural reflex governs 
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the contraction of both knee and ankle extensors. Afferent impulses from knee 
extensors would then be expected to have monosynaptic action, particularly 
on the ankle extensor, soleus, that is specially concerned in the standing 
posture (Denny Brown, 1929). This assumption would be more acceptable if it 
had been possible to discover some reciprocal monosynaptic excitation from 
gastrocnemius-soleus on to motoneurones of the crureus muscle, which is 
specially concerned in standing posture at the knee (Denny Brown, 1929). This 
action of quadriceps on soleus motoneurones presumably accounts for the 
finding that in the decerebrate preparation stretch of quadriceps may give a 
clonic response in soleus (Denny Brown, 1929) as well as for Granit’s (1950) 
observation that a very light stretch of quadriceps will facilitate the mono- 
synaptic reflex to gastrocnemius-soleus, but that there is no trace of a reciprocal 
action of gastrocnemius stretch on quadriceps reflexes. 

It has already been noted that motoneurones of the slow muscles, crureus, 
soleus and caput mediale of triceps brachii, receive a larger aggregate of EPSP 
than motoneurones of the fast muscles of the respective synergic group, and 
that these fast muscles form considerably more than half of the total receptor 
field for the motoneurones of the slow muscles. An explanation is thus provided 
for the observation of Denny Brown (1929) that ‘a tendon jerk of a pale head 
causes generally a response in the corresponding red head, but not vice versa for 
a stretch or jerk in soleus or crureus causes. . .no effect on the associated pale 
heads’. Likewise, when Granit, Phillips, Skoglund & Steg (1957) stretched 
gastrocnemius muscle alone, the tonically responding motoneurones could 
belong to soleus muscle, since soleus motoneurones have a Ia receptiveness for 
medial plus lateral gastrocnemius muscles which is sometimes as large as that 
exhibited by medial or lateral gastrocnemius motoneurones to the same re- 
ceptor field. 

The significance of the present results should be judged not only in con- 
nexion with the reflex effects produced by stretch of muscles. The investigation 
of Granit & Kaada (1952), Eldred, Granit & Merton (1953), Granit, Holmgren 
& Merton (1955) and Granit (1955) have revealed the very important role of 
the small or y motoneurones in the control of muscular movement. To a con- 
siderable extent the activation of large motoneurones, which are responsible 
for muscular contraction, occurs via the pathway which has been called the 
y-loop: discharge of impulses by the y motoneurones along the y efferent 
fibres to muscle spindles; contraction of muscle spindles and activation of 
annulo-spiral endings; impulses in group Ia fibres from the annulo-spiral 


endings and the consequent monosynaptic activation of large motoneurones. — 


For the effective operation of this y-loop mechanism in the control of any 
movement, the field of distribution of group Ia impulses from any muscle 
should be restricted to species of motoneurones activating muscles that are 
very closely related in the performance of movements. Thus an investigation 
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of these fields should give the most reliable information on synergic relation- 
ships, which should even be evaluated quantitatively by the relative inten- 
sities of monosynaptic activation of the various species in Tables 1B, 2B, 3B, 
4B and 5B. As would be expected, these fields of synergic action are more 
limited than those determined by Sherrington (1910) for the more complex 
polysynaptic reflexes, the flexor reflex and the crossed extensor reflex. 
However, there is very good agreement with the synergic groups which 
Sherrington determined for flexion or extension at any particular joint, though 
rectus femoris was not then believed to have any action as a knee extensor. 

It has already been noted that motoneurones of the slow postural muscles, 
crureus, soleus and the caput mediale of triceps brachii, received a larger 
aggregate of EPSP’s than the faster muscles which specialize in phasic move- 
ments (cf. Tables 14, 34 and 54 respectively). Thus the postural group of 
motoneurones would be more effectively excited by operation of the y-loop, 
and this corresponds with the suggestion that the indirect excitation of large 
motoneurones via the y-loop mainly occurs in the maintenance of postures and 
in the performance of slow movements (Granit, Holmgren & Merton, 1955; 
Granit,; 1955). 

It will be observed in Tables 1-5 that different species of motoneurones 
often draw their monosynaptic innervation from very selective fields. This is 
illustrated on the one hand by the fact that adjacent groups of motoneurones 
are often Ia receptive from completely different fields, even if the respective 
somas are not more than 50 or 100, apart, as with the respective groups, 
gastrocnemius-soleus of Table 3 and biceps-semitendinosus of Table 2; and, on 
the other hand, by the finding that some collateral branches descend or ascend 
by as much as two segments from their entry in order to reach specific groups 
of nerve cells, as with gracilis branches descending to semitendinosus moto- 
neurones and biceps-semitendinosus branches ascending to gracilis moto- 
neurones (Table 2). Thus the present investigation serves to raise but not to 
answer the question: what developmental processes are responsible for estab- 
lishing these highly selective connexions? Some of the aberrant connexions 
occasionally encountered most likely represent a breakdown in this selectivity, 
but it has already been pointed out that, for example, the occasional mono- 
synaptic interconnexion between biceps-semitendinosus and gastrocnemius 
muscles may have a functional significance. 

Recently Sprague (19564, 6) has found that, some days after section of the 
L5 dorsal root, degenerated bouton endings can be observed on motoneurones 
at the lower L7 segmental level. He has concluded that these endings are 
inhibitory synapses which quadriceps group Ia fibres make directly with 
biceps-semitendinosus motoneurones, which is contrary to the conclusion 
derived from electrophysiological investigations by Eccles et al. (1956), that one 
interneurone is interpolated in every direct inhibitory pathway. However, 
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a sufficient explanation of Sprague’s observations is provided by the present 
experiments, which establish that the Ia afferent fibres entering L5 dorsal root 
from two different muscles regularly make extensive monosynaptic excitatory 
connexions with motoneurones in the lower L7 segmental level; vasto- 
crureus on to soleus motoneurones (Fig. 7M, N); and gracilis on to semi- 
tendinosus motoneurones (Fig. 4). Hence from Sprague’s observations it 
cannot be concluded that, in the direct inhibitory pathway, the primary 
afferent fibres of quadriceps nerve make direct synaptic connexions with 
biceps-semitendinosus motoneurones. 


SUMMARY 


1. Over 400 motoneurones belonging to 22 different muscles have been 
identified, i.e. the species of each has been determined, by finding the particular 
muscle nerve from which it could be invaded antidromically. Over 300 of 
these motoneurones innervated 18 muscles of the cat hind limb which them- 
selves belonged to four main groups, knee extensors, knee flexors, etc., while 
100 innervated four elbow extensor muscles of the cat forelimb. 

2. By the method of intracellular recording of the excitatory post-synaptic 
potential, EPSP, it was possible to determine the monosynaptic activation 
exerted on each of these motoneurones by maximum group [a volleys in a wide 
variety of muscle nerves.. Heteronymous and homonymous EPSP’s have 
indistinguishable time courses, but the latter are usually much larger, though 
there have been regular exceptions. 

3. Muscles with closely related functions, i.e. synergists, always exhibit 
a high degree of monosynaptic interconnexion, but some monosynaptic con- 
nexions occur between muscles that are not usually regarded as synergists, 
and between some muscles the monosynaptic connexions are regularly uni- 
directional. Finally some monosynaptic connexions are only occasionally 
observed and have been regarded as aberrant. 

4. Motoneurones belonging to the red slow muscles, soleus, crureus and 
caput mediale, have an aggregate EPSP that is larger than that of moto- 
neurones innervating the pale, fast, synergic muscles, i.e. they have a larger 
group la receptiveness. 

5. The significance of the patterns and intensities of the Ia receptiveness of 
various species of motoneurones is discussed in relationship to the mode of 
activation of motoneurones and in particular to the y-loop mechanism for 
control of muscular contraction. 
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SPECIES DIFFERENCES IN SUSCEPTIBILITY TO CAPILLARY 
PERMEABILITY FACTORS: HISTAMINE, s-HYDROXY- 
TRYPTAMINE AND COMPOUND 48/80 


By ELIZABETH M. SPARROW anp D. L. WILHELM 
From the Laster Institute of Preventive Medicine, London, S.W. 1 


(Received 18 January 1957) 


Rowley & Benditt (1956) recently demonstrated that the subcutaneous injec- 
tion of small doses of 5-hydroxytryptamine (5-HT) into rats with a vital dye in 
their circulation induced a striking increase in capillary permeability as indi- 
cated by the local exudation of the dye. Moreover, 5-HT was about 200 times 
as effective as histamine in inducing oedema of the rat paw. Rowley & Benditt, 
who found no evidence in support of Feldberg & Smith’s (1953) conclusion 
that 5-HT was a histamine-liberator, also suggested that it would be remarkable 
if the high permeability-increasing activity of 5-HT was ‘unique to the rat’. In 
our own studies of permeability factors (P.F.s) in the depilated skin of guinea- 
pigs, rats and rabbits, by the dye-exudation technique, the potency of both 
histamine and the «-globulin permeability factor of guinea-pig serum (Wilhelm, 
Miles & Mackay, 1955) varied substantially with the species ofttest animal. 
We have accordingly studied the P.F. potency of 5-HT in the three species: 
to confirm Rowley & Benditt’s (1956) demonstration of the potent permeability 
effect of 5-HT; to determine whether their generalization to other species 
about this permeability effect was justified; and to find whether the 5-HT 
effect was mediated by histamine. Histamine and the histamine-liberator, 
compound 48/80 (Paton, 1951), were included in the investigation. 


MATERIALS AND METHODS 

Guinea-pigs. Albino guinea-pigs weighing 450-600 g were used. After depilation with a barium 
sulphide paste, each animal received 60 mg Pontamine Sky Blue 6X (G. T. Gurr) per kg body weight 
given intravenously in a 5% solution in 0-425% saline. Animals so injected are referred to as 
‘blued’ and were used for tests without delay. 

Test substances were injected intracutaneously into the depilated skin of the trunk. In the 
animal held moderately extended so that the spine was straight, the test area was bounded 
anteriorly by the plane perpendicular to the spine that passes through the base of the xiphi- 
sternum, posteriorly by a similar plane that passes through the lumbo-sacral joint, and ventrally 
by lines 3-4 om from the ventral mid line. All solutions for injection were made up in 085% 
saline, which by itself induces no blueing. A standard volume of 0-1 - ee 
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bevel no, 26 gauge needles, which induced small pale areas of traumatic blueing 1-4 mm in dia- 
meter. The lesions induced by test preparations were recorded 30 min later. The method of making 
tests in guinea-pigs is described in detail by Miles & Wilhelm (1955). 

Rats. Albino rate weighing 220-320 g were used. Since even minimal anaesthesia considerably 
reduced the subsequent response of the skin capillaries to P.F.s, the rate were tied belly downwards 
by their legs for depilation, and for intravenous and intracutaneous injections. The success of this 
technique, without anaesthesia, largely depends on having tame, frequently handled rats. Partly 
tame animals struggle and become exhausted; consequently their skins react poorly and incon- 
sistently to P.F.s. 

Rats were depilated in the same manner as guinea-pigs, and kept warm until tested. Each rat 
received 60 mg of Pontamine Blue per kg body weight as a 2-5 %, solution in 0-6 % saline, into an 
exposed vein on the inner side of the upper thigh. Intracutaneous injections, in 4 rows of 4-5 
injections, were given as for guinea-pigs; within the same area of skin, the homogeneity of the 
response to P.F.s was satisfactory. In general, saline induced lesions less than 4 mm in diameter. 


The best results were obtained with rats of a large, rapidly growing strain, which reached an — 


optimal weight of 230-280 g before their skins became too tough. Thirty minutes after injection, 
the rats were killed for measurement of their lesions. Surface measurements of lesions were 
satisfactory, but the results in inhibition teste were checked by measuring the lesions on the under 
surface of the reflected skin (cf. Brocklehurst, Humphrey & Perry, 1955). 

Rabbits. Non-moulting (see Whiteley, 1956) New Zealand Red Rabbits, heavier than 2-5 kg 
body wt., were used. The skin of the trunk was closely clipped 1-2 days previously but not 
depilated, and the rabbits were kept warm until tested. Rabbits received the same dose of 5% 
Pontamine Blue as guinea-pigs, into a marginal ear vein. 

The response of rabbit skin to P.F.s was not homogeneous. The skin of the back was preferable 
to that of the belly. On the back the response declined considerably from the lumbosacral june- 
tion to the upper thoracic level. Each rabbit was moderately extended and a line drawn trans- 
versely across its back, just behind the posterior rib. On each side of the animal's back, 3 vertical 
rows each of 8 injections were made, 4 injections being above and 4 below the transverse line. To 
counter the heterogeneous response of the skin, each preparation was tested on both sides of each! 
rabbit and injected so that the first injection on the left side was the mirror image of the second on 
the right side; e.g. on the left side, the top injection of the outside row corresponded, on the right, 
with the bottom injection of the inside row. The lesions were measured after 30-40 min. Wiping 
the test area of skin with a pad of cotton-wool soaked in liquid paraffin made it appear as clean as 
if depilated. Each recorded lesion-diameter is the mean of at least 4 lesions in 2 rabbits, and often 
of 8 lesions in 4 rabbits. Saline injections did not induce lesions greater than 2-5 mm in diameter. 


Perfusion of rat hind quarters 

Female rats weighing 200-250 g were anaesthetized with pentobarbitone sodium (40 mg/kg) 
given intraperitoneally. The alimentary canal, uterus and ovaries were ligated and excised, and the 
hind quarters perfused with oxygenated Locke’s solution at 37° C by the method of Feldberg & 
Mongar (1954). The kidneys were excluded from the preparation by the abdominal ligature. Test 
substances were injected through the cannula in the abdominal aorta. The wt. of the hind quarters 
was taken as that of the whole animal minus that of the excised fore-quarters and the removed 
viscera. 

Incubation of rat skin 

From each rat, three pieces of skin approx. 10 x 15 mm were excised from behind and between 
the ears (see Feldberg & Miles, 1953). After removal of the loose subcutaneous tissue, each piece 
was weighed and then rinsed in Locke’s solution. One piece of skin was placed in each of three 
15 ml. flasks containing 10 ml. Locke’s solution. Appropriate concentrations of 5-HT and 48/80 
were added to the second and third flasks. After incubation of the preparations in a water-bath at 
37° C for 15 min, the pieces of skin were removed and the fluid tested for histamine (see Schild, 
1939). 
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Methods of assay 

The perfusates and the solutions in which the pieces of skin had been incubated were assayed for 
histamine on the atropinized guinea-pig’s ileum suspended in oxygenated Mg-free Tyrode solution 
in a 17 ml. bath at 34°C. Because 5-HT contracts the guinea-pig’s ileum, appropriate samples 
were first assayed for their 5-HT content on the atropinized rat’s uterus suspended in oxygenated 
de Jalon’s solution in a 10 ml. bath at 29-30° C. 

For the histamine assay, the samples containing 5-HT were tested against a standard solution 
of histamine to which was added the appropriate concentration of 5-HT to compensate for its 
action on the guinea-pig’s ileum. 

Test preparations 

Unless stated otherwise, all substances were diluted in 0-85 % saline. Histamine was used as the 
acid phosphate (British Drug Houses Ltd.) and 5-HT as creatinine sulphate (Upjohn Co.); amounts 
of each are cited as base. Compound 48/80 was obtained from the Wellcome Research Laboratories, 
U.S.A., and lysergic acid diethylamide (LSD) from Sandoz Products Ltd., London. Mepyramine 
maleate was supplied by May and Baker Ltd. Unless otherwise stated, the recorded doses of 
substances tested intracutaneously are the amounts in the standard injection volume of 0-1 ml.; 
i.e. one-tenth of the concentration per ml. 


RESULTS 
The permeability-increasing potency of histamine, 5-HT and 48/80 


In guinea-pigs and rabbits, histamine was used as a standard P.F. preparation. 
In rats, a globulin fraction, G2/1R, prepared from guinea-pig serum (see 


‘Wilhelm et al. 1955; D. L. Wilhelm, P. J. Mill & A. A. Miles, unpublished) 


gave a more consistent dosage response than histamine. As with all these 
P.F.s, both substances induced lesions whose diameter was linear with respect 
to log. concentration within the range of 5-10 mm; but in the rat the slope for 
histamine tended to become steeper below the 5 mm level. For this reason, 
@2/1R was preferred as a standard P.F. in tests in rats. Its potency in terms 
of histamine, estimated from four satisfactory assays, was 0-78. 

Fig. 1 exemplifies the tests of histamine, 5-HT and 48/80, and Table 1 
summarizes the estimates of potency of 5-HT and 48/80 for each species in 


Fig. 1. The relative permeability-increasing potency of histamine, 5-hydroxytryptamine and 
compound 48/80 in the guinea-pig, rat and rabbit. In Figs. 1-5, the doses indicated are 
those in the standard intracutaneous injection volume of 0-1 ml. 
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terms of histamine. The outstanding features of the table are the very low 
potency of 5-HT in the guinea-pig and rabbit, and the very low potency of 
48/80 in the rabbit. 

In the rabbit, doses of 48/80 greater than 1g induced pale purple lesions. 
When the reflected skin was inspected from the under surface in daylight, the 
small blood vessels within the lesion were outlined in a dark blue colour. 
Microscopically the endothelium of many of the capillaries and venules was 
covered by a thin layer of dye and moderate numbers of pale blue platelet 
thrombi, suggesting that, although the 48/80 may have increased the porosity 
of the vessel wall to the extent that it clearly does in other animals, the 
consequent exudation of dye was prevented by the layer precipitated on the 
endothelium. There was no evidence of extravascular dye, and the colour of 
these lesions was apparently due to this intravascular precipitation. It is 
noteworthy that similar doses of 48/80, in guinea-pigs, cause thrombosis of the 
blood vessels at the centre of the lesion (Miles & Miles, 1952). 


Taste 1. The potency, relative to histamine, of various permeability factors in the 


guinea-pig, rat and rabbit 
Test animal 
Permeability factor  Guinea-pig Rat Rabbit 
Histamine 3 1-0 (1-0)* 1-0 
5-Hydro 0-002 11-5 <0-0005 
Compound 48/80 0-11 4-8 0-0008 
Guinea-pig G2/1R 0-78 


* In rats, histamine is the theoretical standard and G2/1R was the actual standard; see text. 


The results in Table 1 are comparable within only each species tested. For 
interspecies comparison, the potencies are expressed in Table 2 as Effective 
Blueing Doses (E.B.D.) per mg of substance. The E.B.D. (Miles & Wilhelm, 
1955) is defined as the amount of substance in the standard injection volume of 
0-1 ml. that on the average induces, within 30 min, a 6 mm lesion in ‘blued’ 
animals. The E.B.D. is determined from the plots of assays like that in Fig. 1, 
and can be used with some confidence as an expression of comparative 
potency, because the slopes of the dosage responses for each substance are 
substantially linear and parallel. Thus from the means of experiments in 
104 guinea-pigs and 23 rabbits, one E.B.D. of histamine is respectively 0-031 
and 0-027ug. From the means of experiments in 116 rats, one E.B.D. of G2/IR 
is 0-92ug. Since G2/1R has 0-78 times the P.F. potency of histamine, one 
E.B.D. of histamine in the rat is 0-92 x 0-78=0-72ug. From these results, and 
the data in Table 1, the number of E.B.D.’s in 1 mg of each P.F. can be cal- 
culated for each species (Table 2). 

Histamine clearly is the most potent P.F. in guinea-pigs and rabbits, being 
approximately equipotent in the two species; it is about 25 times less potent 
in rats. Its relatively low potency in rats is not due to an innate unresponsive- 


ness of 
of 5-H" 


Despite 
guinea- 


TABLE 


T he 

Tests 

| due to 
due to 
(Bhatt 
Effect ( 
Mep 
than i 
testing 
that o 
9 hr be 
respon: 
(Brock 
cutane 
Bece 
level re 
locally 
and of 
tempe 
prepar 
inter-a 
Tabl 

represe 

mixtu 
| mixt 
with 3 
large 
stantis 
large 2 


PERMEABILITY FACTORS IN VARIOUS SPECIES 55 


ness of rat skin as a test system for P.F.s in general, because the P.F. potency 
of 5-HT in rats is of the same order as histamine in guinea-pigs and rabbits. 
Despite the high P.F. potency of 5-HT in rats, it has a negligible potency in 
guinea-pigs and rabbits. 


Tas_e 2. The number of effective blueing doses in 1 mg of histamine, 5-hydroxytryptamine 
and 48/80 in the guinea-pig, rat and rabbit 


Test animal 
Permeability factor Guinea-pig Rat Rabbit 
Histamine 32,260 1,410 37,040 
5-Hydro 60 16,240 <20 
Compound 48/80 3,550 6,760 30 


The mode of action of 5-HT and 48/80 as permeability factors in the rat 
Tests were made in rats to determine whether the P.F. activity of 5-HT is 
due to the release of histamine, and to what extent the P.F. activity of 48/80 is 
due to the release of histamine (Feldberg & Talesnik, 1953) and of 5-HT 
(Bhattacharya & Lewis, 1956). 


Effect of an antihistamine drug 

Mepyramine maleate is a more effective antihistamine drug in guinea-pigs 
than in rats. In guinea-pigs 20 mg/kg given intraperitoneally 2 hr before 
testing totally inhibits the P.F. effect of histamine and significantly diminishes 
that of 48/80 (cf. Miles & Miles, 1952). In rats 50 mg/kg of mepyramine given 
2 hr before testing decreased the response to histamine about 400-fold, but the 
response to 5-HT and 48/80 only threefold; given 45 min before testing 
(Brocklehurst et al. 1955) this dose almost abolished the response to intra- 
cutaneous histamine, but was moderately toxic. 

Because mepyramine given intraperitoneally was toxic in rats at the dose 
level required substantially to inhibit 48/80, we tested its effect when injected 
locally in mixtures with the P.F. preparations. Preparations of mepyramine 
and of the P.F.s were mixed in equal volumes and tested after 30 min at room 
temperature. By this method high local doses of inhibitor, as well as control 
preparations alone, could be tested in the same set of animals, thus minimizing 
inter-animal variation. 

Table 3 shows the plan of such an experiment, Preparations A, B and C 
represent different P.F.s, or graded concentrations of the same P.F. The 
mixtures were injected with tuberculin syringes 1-4 in the following order: 
mixture 1 with syringe 1, 2 with 2, 3 with 3, 4 with 4; then 5 with 1, 6 with 2, 7 
with 3, 8 with 4; then 9 with 1 and so on. This sequence, which ensures that 
large doses of inhibitor are injected last, is necessary to postpone the sub- 
stantial systemic inhibition that occurs owing to the absorption of part of these 
large doses into the general circulation. With injection according to the 


‘ 
a 
7 
4 
i 
4 
4 


56 ELIZABETH M. SPARROW AND D. L. WILHELM 


vertical rows of the scheme, the results were consistently reproducible. More- 
over, the control lesions induced by histamine, 5-HT and 48/80 were clearly not 
affected by the subsequently injected large doses of inhibitor, because they 
were similar in diameter and colour intensity to those in animals receiving no 
inhibitor. 

The highest non-blueing doses of mepyramine itself were 16-2,g in guinea- 
pigs and 48-6ug in rats; accordingly, the respective doses of mepyramine 
tested did not exceed these limits. 


TasiE 3. Sequence of injections in tests of the susceptibility of a permeability factor to 
local inhibitors, which in large intracutaneous doses also have a systemic action 
Final concentration of inhibitor (ug/ml.) — 


Permeability factor Saline 6 18 54 162 syringe 
Preparation 
A I 5 9 13 17 1 
B 2 6 10 14 18 2 
Cc 3 7 ll 15 19 3 
Saline 4 8 12 16 20 4 


Guinea-pigs. Increasing doses of mepyramine progressively inhibited 
histamine and 48/80. Mepyramine 5-4yg inhibited”0-083-2-25ug histamine 
about sixfold, and completely inhibited 0-2.g. Despite the fact that 48/80 had 
1/9th the P.F. potency of histamine, 5-4g mepyramine inhibited only 0-2.g 
48/80, suggesting that 48/80 liberates P.F.s other than histamine. High doses 
of mepyramine near its blueing dose had a peculiar enhancing effect on 48/80. 
Thus the lesions from mixtures of 0-6 or 1-8ug 48/80 with 16-24.g mepyramine 
were larger than those from mixtures containing 5-4.4g mepyramine, although 
16-2ug mepyramine alone was non-blueing. 

This enhancing effect of mepyramine may be due to the fact that it is a 
histamine liberator. Arunlakshana (1953) showed that the antihistamines 
diphenhydramine and antazoline liberated histamine from guinea-pig tissues, 
but she did not test mepyramine as a liberator. Paton & Schachter (1951) 
reported that the acid gastric secretion induced by 48/80 in dogs was greater 
after mepyramine treatment, probably because mepyramine liberated 
histamine. It may also be that released histamine and high doses of mepyr- 
amine have a synergic effect as a P.F.; but whatever is the correct explanation 
of the phenomenon it is noteworthy that Miles & Miles (1952) found that in 
guinea-pigs, large intraverious doses of mepyramine could not inhibit intra- 
cutaneous 48/80 more than three- to fivefold. 

Rats. Histamine was much more susceptible to local mepyramine, for 1-8 
and 16-2yg histamine were completely inhibited by corresponding doses of 
mepyramine (see Fig. 2). But only 0-2ug 48/80 was completely inhibited by 
the highest dose of mepyramine tested, namely 486g, lesser doses giving 
partial inhibition. Thus 48/80, which in the rat has nearly five times the P.F. 
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potency of histamine, is about forty times less susceptible to mepyramine. 
Mepyramine did not reduce the diameter of the lesions induced by larger doses 
of 48/80, but considerably reduced the intensity of their colour (see Fig. 2). 
Small doses of 5-HT equipotent with 48/80 were similarly susceptible to 
mepyramine; and, as with 48/80, mepyramine reduced the intensity of colour, 
but not the diameter, of the lesions induced by larger doses of 5-HT (see Fig. 3). 


Effects of decrease of skin histamine in rats by treatment with 48/80 

The similar susceptibility in rats of 5-HT and 48/80 to local injections of the 
antihistamine mepyramine maleate led us to test their potency in rats with a 
decreased histamine content of their skin. Accordingly, seven rats were given 
a course of intraperitoneal 48/80 (Feldberg & Talesnik, 1953; Brocklehurst et al. 
1955). They received 0-25, 0-5, 1-0, 1-0, 1-0, 1-5, 2-0 and 2-5 mg/kg body wt. on 
the Ist, 2nd, 3rd, 5th, 6th, 8th, 9th and 10th days; 2 rats died on the 3rd day 
and another was killed on the 4th day. By the 11th day the four survivors had 
lost 10, 10, 30 and 35 g body wt. respectively, while 4 untreated rats gained 
10-15 g in this period. On the 11th day the responses of each group to intra- 
cutaneous histamine, 5-HT and 48/80 were compared. 

In the treated group, the response to histamine was decreased about four- 
fold, that to 48/80 about eightfold, but that to 5-HT was not substantially 
affected. The above dosage of 48/80 was lower than that used by Brocklehurst 
and his colleagues, which proved to be lethal to six out of eight animals from 
our own stock. Tested on the 11th day, the response of the two survivors of this 
batch to 5-HT was almost identical with that of two untreated controls, but 
their response to histamine was reduced about fourfold, and to 48/80 about 
sevenfold. 

The decrease, in these animals, of the P.F. activity of histamine (see Brockle- 
hurst et al. 1955) makes it difficult to assess the significance of the results for 
48/80 and 5-HT. The P.F. activity of 5-HT is not substantially changed in rats 
treated with 48/80, and hence the lowered P.F. response to histamine probably 
is not due to a general non-specific effect, e.g. on peripheral blood pressure, of 
the 48/80 treatment. 

According to Brocklehurst and his colleagues, histamine potency is restored 
2 days after the cessation of subcutaneous 48/80, but is unaffected by intra- 
peritoneal 48/80. However, in our tests, since the response to histamine is 
decreased fourfold, of the sevenfold reduction of the response to intracutaneous 
48/80, only about twofold could be directly ascribed to the diminished hista- 
mine content of the skin. An outstanding discrepancy in the results is the 
insusceptibility of the 5-HT response to histamine depletion, since it will be 
shown that 5-HT releases histamine (p. 61). Without further analysis, it must 
be assumed that 48/80 and 5-HT liberate histamine from sources differing 
either in anatomical site or chemical nature. 
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5-4 162 
Mepyramine, gg (log scale) 


Fig. 2. The local inhibition of histamine and 48/80 by mepyramine maleate in the rat. In this and 
in Fig. 3, the thickness of the line at the top of the graph indicates the mean colour-intensity 


E 

3 

ne 
5-4 162 


Mepyramine, pg (log scale) 


Fig. 3. The local inhibition of 5-hydroxytryptamine and 48/80 by mepyramine maleate in the rat. 
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Effects of LSD 


Since 5-HT had no substantial P.F. potency in guinea-pigs or rabbits, the 
susceptibility of the various P.F.s to LSD was tested only in rats. In the rat, 
the L.D.50 of intravenous LSD is 16-5 mg/kg and the maximum tolerated 
single dose is about 3-2 mg/kg (Rothlin & Cerletti, 1956). We were unable to 
administer LSD intravenously because as little as 100g induced immediate 
gross tremor lasting for about 20 min, and the animals became shocked. As 
with mepyramine, satisfactory local inhibition was obtained by the injection 
of mixtures of LSD and P.F. tested after 30 min at room temperature. In 
such tests, by the time the mixtures containing the highest concentrations of 
LSD were injected, some of the rats had absorbed sufficient LSD to induce 
occasional slight tremors. 

Fig. 4 records the complete inhibition of 0-067 and 0-6yg 5-HT by 1-8 and 
16-2ug LSD. In another experiment (Fig. 5) 0-2ug 5-HT was inhibited by 
5-4ug LSD, but an equipotent dose of 48/80, 0-4ug, was only moderately 
susceptible to LSD and was not completely inhibited by 16-2. 

Measured on the surface of the skin, the diameter and colour-intensity of 
the lesions induced by histamine were not affected by LSD up to 16-24g; when 
the lesions were measured on the under surface of the skin, the diameter and 
colour-intensity of the lesions were reduced by 16-24g LSD, but because these 
mixtures were last injected (see Table 3), this inhibition was possibly due to 
the very mild shock induced by the absorbed LSD (cf. Miles & Miles, 1952). 

The moderate susceptibility of 48/80 to LSD is sufficient to account for the 
residual P.F. activity of 48/80 that remains after maximum possible local 
inhibition by mepyramine, but this explanation is inadequate, because 5-HT is 
as susceptible as 48/80 to local mepyramine. 

The inhibition by mepyramine and LSD in normal rats and the reactions of 
histamine-depleted rats to the three P.F.s are summarized in Table 4. 


TaBLE 4, (a) Inhibition by locally injected mepyramine and lysergic acid, and (b) the effect 
of reduction of skin histamine, on the activity of various permeability factors in the rat 


Approximate number of 
E.B.D.s inhibited by 16-2yg 


Permeability factor Mepyramine Lysergic acid 


(a) Histamine 22 <2 
5-HT l 9 
48/80 0-5 <6* 

A ximate reduction in 
- P.F. potency in rats treated 
systematically with 48/80 

(6) Histamine 4-fold 
5-HT 1-2-fold 
48/80 8-fold 


* Partial inhibition only. 
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5-HT, 0067 pg 


uw 


Mean lesion diameter (mm) 


_ Saline control 


L L i i L 
Saline 0067 02 0-6 18 54 162 
control LSD, pg (log scale) 


Fig. 4. The local inhibition of 5-hydroxytryptamine by lysergic acid (LSD) in the rat. 


Histamine 72 pg 
9 


Mean lesion diameter (mm) 


Saline 0-6 18 5-4 162 
control LSD, zg (log scale) 
Fig. 5. The effect of LSD on histamine, 5-hydroxytryptamine and 48/80 in the rat. 
Perfusion of rat hind quarters ) 


In the perfused rat hind quarters, 5-HT is a potent vasoconstrictor, and 
within 1-2 min 10ug induced so much vasoconstriction that the volume of 
perfusate was considerably reduced for at least 10 min. The vasoconstriction 
produced by 2yg of 5-HT in 0-2 ml. was so small as to reduce the venous out- 
flow only by an insignificant amount. In four experiments, 2g of 5-HT was 
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followed 20 min later by 2g of 48/80. In each, the histamine liberated by 
48/80 was 6-10 times greater than that by 5-HT (Table 5 and Fig. 6). After 
each injection, perfusate was collected at 10 min intervals. In general, after 
5-HT each successive sample contained about the same small amount of 
histamine, but after 48/80 there was more histamine in the second sample than 
in the first. 


TaBiE 5. Comparison of the histamine-releasing activity of 2ug of 5-hydroxytryptamine 
and compound 48/80 during perfusion of the hind quarters of rats 


Duration of by 2yug of amine released 
collection (min) - A by 5-HT and 
after injection 5-HT 48/80. 48/80 
20 1-5 14-4 1:10 
20 1-2 12-1 1:10 
20 14 12-6 1:9 
20 1-8 10-9 1:6 
40 2-7 16-2 1:6 
8r- 
2 pg 5-HT 2g 48/80 
Sub 
| 
— 
5 __J 
0 20 40 60 80 100 
Time (min) 
5-HT 2 wg 48/80 


Fig. 6. The release of histemine in the perfused hind quarters of the rat by 5-hydroxytryptamine 
and 48/80, Two separate tests are recorded, one in solid lines, the other in broken lines. 


To exclude the possibility that 5-HT was a more potent histamine liberator 
after longer intervals, the perfusates in one experiment were each collected for 
40 min after the injection of 5-HT and 48/80 (Fig. 6). As before, the release of 
histamine by 5-HT was still low and steady, and the 48/80 released six times 
more histamine than the 5-HT. 

The perfusate collected after the injection of 48/80 contained 5-HT, but the 

amounts were too small to be determined accurately. The small amounts of 


Histamine released 
(ug/100 g tissue Ratio of hist- | 
> 
‘ 
‘ 
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5-HT were not residues from the prior injection of 5-HT, because in three 
tests the perfusate, immediately before the 48/80 was injected, did not contain 
5-HT. 


Incubation of rat skin 

Since only low doses of 5-HT and 48/80 could be satisfactorily tested by 
perfusion, the effects of higher concentrations of these substances were tested 
by incubating pieces of rat skin at 37° C for 15 min in Locke’s solution con- 
taining 5-HT or 48/80, 2-100,g/ml., as well as in Locke’s solution alone. 

After exposure to 5-HT 50—100,.g/ml. the skin often yielded substances that 
induced tachyphylaxis of the guinea-pig’s ileum. These were not 5-HT because 
the addition of equivalent amounts of 5-HT to a standard preparation of 
histamine did not interfere with the assays. In four satisfactory experiments, 
skin was incubated with 2, 2, 5 and 100ug/ml. of 5-HT and of 48/80. The 
amounts of histamine released had little relation to the concentration of 
liberator used, but more histamine was always liberated by 5-HT than by 
48/80 (Table 6). After 48/80 only traces of 5-HT were found in the solutions. 


Tas_eE 6. The release of histamine from rat skin after incubation at 37° C for 15 min in 
solutions of 5-HT and compound 48/80 


Histamine released 
Conen. of 5-HT (ug/100 g skin) 

and of 48/80 A — 
(ug/ml.) Control 5-HT 48/80 

2 — 671 

1008 133 

5 130 

100 139 2740 842 


Although the estimates of the histamine-liberating activity of 5-HT and 
48/80 by the method of simple diffusion are not as reproducible as by the 
perfusion technique, they clearly indicate that more histamine is liberated by 
5-HT than by 48/80. This suggests that 5-HT is more effective than 48/80 when 
applied directly (by diffusion) to extravascular tissues than through the capil- 
lary walls (as in perfusion), although the latter is more effective on perfusion. 


DISCUSSION 
_ When the permeability-increasing potencies of histamine, 5-hydroxytrypt- 
amine and compound 48/80 are estimated in terms of the lesions induced by 
these substances on injection into the depilated skin of ‘blued’ guinea-pigs, 
rats and rabbits, 5-HT is a more potent permeability factor (P.F.) than hist- 
amine in rats, but not in guinea-pigs or rabbits. This confirms the results of 
Rowley & Benditt (1956) who, using the induction of paw oedema as the 
criterion of activity, found that in rats 1ug/ml. of 5-HT produced oedema as 
readily as 200g/ml. of histamine. In our intracutaneous tests on rats, 5-HT 
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was 11-5 times as potent a P.F. as histamine. Nevertheless, no generalization 
: for other species is possible, either for 5-HT or any other P.F. Thus in rats 
histamine was about twenty-five times less potent than in guinea-pigs and 
rabbits, whereas 5-HT had the same order of P.F. potency that histamine had 
in guinea-pigs and rabbits; but 5-HT had low P.F. activity in guinea-pigs and 
rabbits. 

Our results emphasize the danger of generalizing about permeability 
factors in laboratory animals from tests made in only one species. The design 

_ of our experiments permitted the dosage-responses to several P.F.s to be 
: determined in the same group of animals without the use of anaesthesia. Since 
anaesthesia considerably reduces the responsiveness of the blood vessels of the 
skin for some hours and probably also affects the deeper capillaries, tests with- 

out anaesthesia are likely to be more reliable. The testing of pharmacologically 
| active substances with P.F. activity, prepared from the tissues or blood of one 
species, in a different species, is open to criticism (see Miles & Wilhelm, 1955), 
but it is not as important here because the P.F.s tested are all synthetic. How- 
ever, histamine and/or 5-HT occur naturally in the skin and other tissues of 
most mammals that have been investigated; and even with these substances, 
generalizations clearly cannot be made from tests in a single species. This point 
is also relevant to Spector’s (1956) finding that a 5-HT-like substance is present 
in copious pleural exudates in the rat, for it does not follow that this substance 
is present in inflammatory exudates of other species, or that in these other 
species 5-HT has substantial permeability-increasing potency. 

In the rat 48/80 liberates histamine (cf. Feldberg & Talesnik, 1953) and 
5-HT (cf. Bhattacharya & Lewis, 1956), but the approximately equal suscepti- 
bility of 5-HT and 48/80 to both mepyramine and lysergic acid suggests that 
these inhibitors act by preventing the liberation of tissue histamine, rather than 
by antagonizing released histamine. This conclusion, however, is not supported 
by the insusceptibility of the 5-HT effect to the decrease of skin histamine by 
48/80 in rats. Parratt & West (1956) stated that the induction of oedema in - 
the rat required the release of both histamine and 5-HT. Rowley & Benditt 
(1956) also emphasized the role of 5-HT in this respect, but they considered 
that 5-HT does not liberate histamine in the rat; this conclusion was influenced 
by the failure, in their experiments, of intravenous mepyramine to antagonize 
the induction of paw oedema by 5-HT. Although 5-HT itself may have a direct 
} action on capillary permeability, our perfusion and skin incubation tests clearly 
indicate that, in rats, 5-HT is a histamine-liberator. This was confirmed by the 
susceptibility of 5-HT to mepyramine, injected locally in mixtures with 5-HT. 
The rat thus resembles other animals; e.g. Feldberg & Smith (1953) found that 
perfused isolated skin flaps from the cat and dog liberated histamine on 
treatment with 5-HT. | 

The differences in the amount of histamine liberated when rat hind quarter 
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preparations were perfused with, or skin was incubated in, 5-HT and 48/80 
draw attention to the importance of testing histamine-liberators in more than 
one system (see also Mongar & Schild, 1953; Feldberg & Mongar, 1954). 
Although the incubation of skin in solutions of histamine-liberators suffers 
from the disadvantage that the thickness of the skin prevents the liberator 
from reaching equilibrium by diffusion (Mongar & Schild, 1953), this method in 
our hands revealed a more abundant release of histamine by 5-HT than by 
5-HT given intravascularly. Clearly the release of tissue histamine varies 
according to the test system, and it is as important to avoid making generaliza- 
tions about histamine-liberators from tests in a single system as it is to refrain 
from anticipating that permeability factors have activity of the same order in 
all species of animals. 
SUMMARY 

1. The increase in capillary permeability induced by the intracutaneous 
injection of histamine, 5-hydroxytryptamine and compound 48/80 was com- 
pared in the skin of the back of the trunk of unanaesthetized guinea-pigs, rats 
and rabbits with Pontamine Blue in their circulation. 

2. The responses to each substance, measured as the diameter of the blue 
lesions at the site of injection, were linear with respect to log. dose. The slope of 
the dosage-response lines was about the same in all three species of animal, 
making possible a direct comparison of the permeability-increasing potency of 
these substances. 

3. The response to the three permeability factors varies widely, and inde- 
pendently, in the three species of test animal. Histamine is highly, and about 
equally, potent in guinea-pigs and rabbits, but one twenty-fifth as potent in 
rats. In rats, 5-hydroxytryptamine is highly potent, being eleven times as active 
as histamine, but in guinea-pigs and rabbits its potency is negligible. Com- 
pound 48/80 is active in guinea-pigs and rats, but has a low potency in rabbits. 

4. Histamine liberation by 5-hydroxytryptamine and 48/80 from rat tissue 
varies quantitatively according to the test system; 5-hydroxytryptamine is 
the more potent on excised skin, and 48/80 on perfused hind quarters. 

5. In the rat, the susceptibility of the permeability factors to inhibition by 
locally injected mepyramine maleate and lysergic acid, and the results of 
perfusing isolated rat hind quarters or treating samples of excised rat skin with 
the permeability factors, suggest that 5-hydroxytryptamine increases perme- 
ability, at least in part, by the liberation of histamine, and that 48/80 does so 
partly by the liberation of histamine and 5-hydroxytryptamine. The behaviour 
of the permeability factors in rats, treated with 48/80 to decrease the liberable 
histamine in the skin, was equivocal. 

We are grateful to the Upjohn Company, Kalamazoo, Michigan, U.S.A., for 5-hydroxytrypt- 
amine creatinine sulphate; to the Wellcome Research Laboratories, Tuckahoe, U.S.A., for com- 
pound 48/80 and to Sandoz Products Limited, London, for lysergic acid diethylamide. 
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THE DISTRIBUTION OF SPLANCHNIC AFFERENTS IN THE 
SPINAL CORD OF CAT* 


By ©. B. B. DOWNMAN anp M. H. EVANSt 
From the Royal Free Hospital School of Medicine, London, W.C. 1, and the 
Sherrington School of Physiology, St Thomas’s Hospital, London, S.E. 1 


(Received 24 January 1957) 


The splanchnic nerves of the cat, and other animals, contain afferent nerve 
fibres from the abdominal contents. These afferents enter the spinal cord 
through the dorsal roots in the thoracic region (Bain, Irving & McSwiney, 
1935). Harper & McSwiney (1937) showed that there is a splanchnic projec- 
tion in the cat’s spinal cord, which mediates pupillo-dilatation in response to 
noxious stimulation of the viscera. These afferents ascend bilaterally in the 
lateral columns, being diffusely distributed. These results were confirmed and 
extended by Harris, Hodes & Magoun (1944). Other workers have postulated 
diffuse lateral column pathways in the cat, mediating nociceptive reactions. 
Harper & McSwiney and Harris et al. considered that the splanchnic afferents 
ascend along pathways similar to those taken by homologous somatic afferents, 
but some workers have suggested that the nociceptive visceral afferents. 
project by pathways distinct from the somatic afferents (Davis, 1922; Davis, 
Hart & Crain, 1929; Davis, Pollack & Stone, 1932). In man the spinal path- 
ways which mediate visceral pain can be interrupted by anterolateral chordo- 
tomy (Hyndman & Wolkin, 1943; White, 1950). Ivy (1941) implied that the 
visceral afferent pathway might be situated deeper in the human spinal cord 
than the somatic spino-thalamic tract, but the present tendency is to regard 
deep chordotomies as essential for adequate analgesia, even in somatic 
structures (White, 1950). 

Amassian (19516) and Aidar, Geohegan & Ungewitter (1952) have used 
micro-electrode recording techniques to detect splanchnic-evoked activity in 
the afferent pathways of the cat’s spinal cord. These authors indicate points 
where such activity was detected, thereby suggesting precisely localized path- 
ways. In view of earlier workers’ findings of diffuse pathways, the cat’s spinal 

* The findings reported here have been submitted to the University of London by M.H.E. as 
part of the requirements for the degree of Ph.D. 


+ Present address: Department of Physiology, National Institute for Medical Research, Mill 
Hill, London, N.W. 7. 
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cord has been explored with recording micro-electrodes, in order that the distri- 
bution of splanchnic afferent pathways might be mapped by this technique. 
Some preliminary results have already been reported (Evans, 1956). 


METHODS 


Cats of either sex were used, weighing between 1-4 and 6-0 kg. They were anaesthetized either 
with pentobarbitone, 30-60 mg/kg given intraperitoneally, chloralose 60-100 mg/kg given 
intravenously, or a combination of both anaesthetics in reduced quantities. At the onset of 
anaesthesia the trachea was cannulated, and a narrow polythene cannula was tied into a forelimb 
vein for later injections of maintenance doses of anaesthetic. 

The spinal cord was usually exposed at the upper cervical level, by laminectomy of the second 
cervical vertebra, This exposed the 2nd and part of the 3rd cervical segments of the cord (C2, 3). 
At this level the laminectomy can be carried ventrally, to give a good exposure of the lateral 
white columns, without injuring the vertebral arteries. The dura was left intact until the prepara- 
tion was ready for recording, when the dura was removed and warm liquid paraffin poured over 
the exposed tissues. 

The splanchnic nerve, usually the left greater splanchnic, was exposed retroperitoneally. It was 
cut and ligated at the coeliac ganglion, and freed as far as the crus of the diaphragm, to take the 
stimulating electrodes. Somatic nerves, including the peroneal, saphenous, intercostal and super- 
ficial radial, were in various experiments mobilized, ligated and divided for stimulation under 
warm liquid paraffin. The sympathetic trunk in the thorax was occasionally exposed by a retro- 
pleural approach after the resection of the heads of one or two ribs. It was divided at mid thoracic 
level, and the caudal cut end laid on recording electrodes to sample the pattern of fibres activated 
by splanchnic stimulation. 

The cat was held in a stereotaxic frame, and was warmed by a 50 W heating pad. By controlling 
the d.c. to the heater the rectal temperature was held to within 37—40° C (usually 38—39° C) either 
manually (rectal thermometer) or automatically (rectal thermostat). 

Single shocks, synchronized with the sweep of the oscilloscope, were delivered to the selected 
charge or rectangular pulse stimuli were used. The latter were usually 0-25 msec duration, with 
amplitude continuously variable up to a maximum of 30V. The preparation was immobilized 
during recording with tubocurarine or decamethonium iodide, given intravenously. Positive 
pressure artificial ventilation was initiated at the onset of paralysis. The spinal cord was mapped 
in a transverse plane, in steps of 0-1-0-5 mm. The micro-electrodes used were either varnished 
steel needles (Bishop & Collins, 1951) or metal-filled glass capillaries (Dowben & Rose, 1953; 
Malcolm, 1955), of tip diameter 10-150. The evoked potentials were amplified, displayed on a 
double-beam cathode-ray oscilloscope and recorded photographically. 

The segments of the spinal cord were subsequently fixed in 10% formol-saline and serial paraffin 
sections cut in the transverse plane. These were stained by Weil’s method and enlarged diagrams 
made to show the course of the micro-electrode tracks. As the distance between the commence- 
ment of adjacent tracks was known in the living state, from readings of the stereotaxic micrometer 
control, compensation could be made for histological shrinkage. The maps were completed by 
fixing the oscillograms to the diagrams, at the appropriate depths along the micro-electrode 
tracks. 


RESULTS 


The spinal cord has been explored at the upper cervical level (C2, 3), where 
the distribution of splanchnic afferent activity has been mapped in the dorsal 
columns and in the ventrolateral columns. The dorsal columns in the thoracic 
region (T'4) have also been mapped. Splanchnic-evoked activity — 
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detected in the lateral columns at the thoracic level, but at the present stage 
it is not possible to be sure that the activity at this site is in afferent pathways. 
Therefore no maps of the distribution of evoked activity in the thoracic lateral 
columns are presented here. 
The choice of anaesthetic influences the pattern of activity recorded in 
some locations. The dorsal column pathways do not appear to be affected 
much by the depth or type of anaesthetic, and were usually mapped under 
moderately deep pentobarbitone anaesthesia. In the ventrolateral columns 
‘pentobarbitone had a very depressant action, presumably acting at the 
synaptic relays at the start of these spinal tracts. When pentobarbitone and 
chloralose were used in combination, larger evoked responses could be localized 
in the ventrolateral columns than under pentobarbitone alone. Small amounts 
of chloralose are known to have a facilitatory effect upon some multineurone 
pathways (Woolsey & Fairman, 1946). Preparations anaesthetized solely 
with chloralose were very reactive, and large evoked responses were recorded 
but these were not localized in any fibre tract. As viscero-motor reflexes could 
be evoked even in the upper cervical ventral roots of cats anaesthetized solely 
with chloralose, it is possible that the large non-localized potentials were 
associated with the reflex discharge (Downman, 1955), rather than with 
afferent tract activity. This view is supported by the finding that the non- 
localized responses showed patterns of inhibition and fatigue resembling those 
of motoneurones (Brooks, Downman & Eccles, 1950). Furthermore, addition 
of small amounts of pentobarbitone (10 mg/kg 1.v.) abolished the large non- 
localized responses, and unmasked smaller responses localized in the ventro- 
lateral columns. It is these smaller responses that have been mapped in the 
ventro-lateral columns of cats anaesthetized by a combination of pento- 
barbitone and chloralose. The characteristics of these responses (latencies, 
interactions, resistance to fatigue, distribution in the cord and behaviour 
under varying anaesthesia) suggest that the maps of their distribution indicate 
splanchnic afferent pathways. 


The splanchnic pathway in the dorsal columns 

At the upper cervicai level the dorsal column splanchnic pathway is com- 
pact. The centre of the maximum evoked potentials was found ipsilaterally, 
close to the dorsal median septum, and 0-8-1-7 mm deep to the dorsal surface. 
The pathway lies partly in fasciculus gracilis and partly in fasciculus cuneatus. 
Fig. 1 is a composite diagram, in which all the maps of splanchnic afferent 
responses at C2, 3 have been combined. It can be seen that the splanchnic 
pathway is compact, though elongated in a ventral direction. There is evidence 
of some distortion, not exceeding 0-3 mm, tending to exaggerate the ventral 
elongation. This arose as a result of the practice of mapping the dorsal 
columns with micro-electrodes inserted in a dorsoventral direction. 
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The hind limb afferent fibres lie dorsal and dorsolateral to the splanchnic 
pathway at C2, 3. The forelimb afferents are more lateral, and there is some 
degree of overlapping between the limb and the splanchnic pathways. It is 
known that the thoracic afferents, the majority of which are somatic, are 
located in the region of the dorsal columns where splanchnic afferents have 
been mapped (Gardner, Thomas & Morin, 1955). 


Fig. 1. A composite diagram to show the distribution of all the points where splanchnic afferent 
activity has been detected in the spinal cord of cats, at 2nd or 3rd cervical level. Pento- 
barbitone or pentobarbitone plus chloralose anaesthesia. The dots indicate places where 
activity was present upon single-shock stimulation of the central end of the cut left greater 
splanchnic nerve. 

The location of the splanchnic pathway in the dorsal columns at the upper 
cervical level is not very different from the location at T4, in spite of the 
large addition of forelimb afferents to the fasciculus cuneatus at the cervical 
level, as can be seen from Fig. 2. | 


The splanchnic pathways in the ventrolateral columns 
Unlike the dorsal column pathway, the splanchnic afferents in the ventro- 
lateral columns are diffusely distributed, without any well-defined centre of 
maximum activity. The responses were small (30-90,V) and of equal size 
throughout the active zone, disappearing on moving the micro-electrode 
0:2-0-4 mm away from the periphery of the zone. They were recorded bi- 
laterally, mostly in the ventral half of the spinal cord at C2, 3 level (Fig. 1). 
The dorsal part of the lateral columns, in the region of the dorsal spino- 
cerebellar tract, has been explored but no splanchnic-evoked activity has been 
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detected there. Large responses were evoked by stimulation of the ipsilateral 
peroneal nerve (Fig. 3). Responses were detected when the abdominal muscles 
twitched reflexly to strong splanchnic stimulation, but these responses were 
abolished by paralysing the animal. Relatively few responses have been 
recorded in the ventral columns, but, owing to the difficulty of approach, this 
region of the cord has not been explored so thoroughly (Fig. 1). 


+ 


Fig. 2. The distribution of splanchnic-evoked potentials in the dorsal columns at 4th thoracic 
level, in a cat under pentobarbitone anaesthesia. Low threshold afferents stimulated in the 
left splanchnic nerve. The dots indicate points investigated but not responsive. The open 
circle indicates a site where action potentials synchronous with systole were recorded; see 
text. 


There appears to be little evidence of a topographical localization in the 
ventrolateral columns of the cat’s spinal cord. The distribution of hind limb 
afferent pathways was almost identical with the splanchnic distribution, 
except that among the most superficial fibres of the lateral columns only hind 
limb responses could be detected. The splanchnic and hind limb afferent 
volleys did not interact or occlude one another. 


eee 

| 

ene 

e Ge 

Right 

e ® 

» 

¢ Fig. 3. 
| le 
j unipe 
cut o 
N6, 1 
Th 

artifa 

| of th 
dispe 
: In th 
lying 
deepe 
recor 
ventr 
inter 
at 


SPLANCHNIC AFFERENT PATHWAYS | 71 


1mm 25 msec 
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Fig. 3. The distribution of left peroneal-evoked responses in the dorsal columns at 4th thoracic 
level. Same cat as Fig. 2. Dots indicate points investigated but found unresponsive. 


The responses recorded in the spinal cord were almost always positive at the 
unipolar micro-electrode. This suggests that the records were taken from fibres 
cut or injured by the comparatively large micro-electrodes used (Lorente de 
N6, 1947, 1953; Morin, 1953). 

The latencies have been measured in all cases from the start of the stimulus 
artifact to the first detectable part of the responses. In addition, the durations 
of the responses have also been determined, as a measure of the temporal 
dispersion. The shortest latencies were found in the dorsal column pathway. 
In the lateral columns the responses fell into two groups. The superficial group, 
lying within about 0-8 mm of the surface, had shorter latencies than the 
deeper juxtagriseal responses. Splanchnic-evoked responses have also been 
recorded in the medulla, at the point of emergence of the hypoglossal nerve 
ventrolateral to the inferior olivary nucleus. These responses had latencies 
intermediate between the dorsal column and ventrolateral column responses 
at C2, 3. The conduction velocities in the spinal splanchnic pathways were 
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calculated from the difference in the latencies of responses recorded at two 
levels of the cord, e.g. C2 and T6. These latencies remained constant during 
the period of recording, and were uniform throughout a tract in each map, 
being of the order shown in Table 1. In calculating the conduction velocities 
in a spinal tract the mean latencies were obtained from measurements of 
several oscillograms in each case and are estimated to have not more than 
10%, error. The thoracic sympathetic chain was cut ipsilateral to the stimulated 
splanchnic nerve, one or two rami communicantes caudal to the thoracic 
recording level. This was done to prevent splanchnic afferent activity from 
ascending between the two recording levels along the faster extraspinal 
pathway (Downman, 1955). 


TaBLe l. The latencies in msec from the stimulus artifact to the commencement of the splanchnic- 
evoked responses at upper cervical level, and the durations of the responses. Each figure is 
a mean derived from measurements on two to seven different cats 


Mean latency 

to beginni Mean duration 

of responses of responses 

Location in 0.N.8. (msec) (msec) 

Dorsal columns 4-6 2-6 
Lateral cols. contralateral 11-5 11-0 
Lateral cols. ipsilateral (superficial) 9-6 12-0 
Lateral cols. ipsilateral (deep) 14-7 9-0 
Medulla contralateral 5-4 3-4 


(ventrolateral to olive) 


Taste 2. Conduction velocities of the intraspinal projections of splanchnic afferent nerve fibres, 
calculated from the latency of responses recorded at two levels of the cord. Rectal tempera- 
tures were within the range 37-39° C 

| Velocity of Velocity of 
fastest slowest 


components components 


Cat no. Recording site (m/sec) (m/sec) 
24 Dorsal columns 40 oo 
50 Dorsal columns 38 26 
51 Dorsal columns 55 54 
65 Dorsal columns (antidromic) 52 —_ 
50 Ipsilateral column (superficial) 30 22 
55 Ipsilateral column (superficial) 20 —- 


In the dorsal column splanchnic pathway conduction velocities of 26-55 m/ 
sec have been measured. In the lateral column splanchnic pathway (ipsi- 
lateral superficial group) velocities recorded in a similar way fell in the range 
20-30 m/sec. The ranges of velocities recorded in individual preparations are 
shown in Table 2. 
Fibre density of the spinal pathways 

The largest splanchnic-evoked potentials were recorded in the dorsal 
column pathway. Here the maximum responses at the centre of activity 
resembled compound volleys and were 40-160,.V amplitude, recorded with 
micro-electrodes of 20-100, tip diameter. In the ventrolateral columns the 
responses were smaller, most falling within the range 30-90 .V, and scattered. 
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It was found necessary to use the larger micro-electrodes, even up to 150p, 
when mapping in these columns; fine micro-electrodes detected the activity 
of scattered individual units but did not give good maps of over-all activity. 
The small size of the responses suggests a low density of the active fibres and 
correlates with the wide distribution of the fibres. 

The individual components of the ventrolateral column responses could 
often be observed, especially on the ipsilateral side. Although a greater 
temporal dispersion than in dorsal columns could account for this, it would also 
conform with a lower density of activated fibres. In the ipsilateral ventro- 
lateral column pathway the individual components of a splanchnic-evoked 
response usually failed to merge into a compound response. In the contra- 
lateral column, although the temporal dispersion was approximately the same, 
the responses were usually in the form of compound volleys in which the peaks 
of some individual units could be distinguished. This suggests a greater density 
of splanchnic afferents in the contralateral than in the ipsilateral lateral 
column pathways. As the transverse areas of the two pathways are similar, it 
may be inferred that the ventrolateral column splanchnic afferent pathway is 
predominantly crossed in the cat. 

Occasionally, unusually large responses have been recorded in the lateral 
columns with amplitudes up to 170V. These appeared to be from single units 
which discharged repetitively to strong splanchnic stimulation. The large 
amplitude of the responses suggests a perikaryal origin, and they may be 
associated with outlying cells of the type described by Sherrington (1890) and 
reinvestigated by Donald (1953). These large responses were localized in the 
lateral columns, within the same area in which the smaller, presumably 
afferent, responses were found. It is not known whether the large responses 
were associated with afferent tract activity, but as they were recorded only 
occasionally, their inclusion within the splanchnic afferent map (Fig. 1) will 
not materially alter the general picture of splanchnic afferent distribution. 


Splanchnic nerve afferents and the spinal pathways 

Stimulation of the splanchnic afferents could be monitored by monophasic 
recording from the cut and crushed caudal end of the ipsilateral thoracic 
sympathetic chain, dissected retropleurally at mid thoracic level. The responses 
recorded from the various spinal pathways could be compared, on a threshold 
basis, with the components of the sympathetic chain electroneurogram. 
The splanchnic dorsal column pathway was activated by stimulating the 
group A beta afferents (Amassian, 19516; Gernandt & Zotterman, 1946) in 
the splanchnic nerve, with extraspinal conduction velocities of 46-67 m/sec. 
The ventrolateral column pathways were activated by stimulating the group A 
gamma-delta fibres in the splanchnic nerve. The extraspinal conduction 
velocities were approximately 31 m/sec and slower. There was no difference 
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in the peripheral thresholds of the deep and superficial groups of lateral 
column responses. 

Many of the large myelinated fibres of the splanchnic nerve are known to be 
the sensory innervation of the mesenteric Pacinian corpuscles (Edgeworth, 
1892; Gernandt & Zotterman, 1946; Sheehan, 1933). There have been sug- 
gestions that the Pacinian corpuscle afferents probably project into the dorsal 
columns. This has been confirmed on three occasions by recording an anti- 
dromic action potential in single fibre preparations of mesenteric Pacinian 


S, at C2 


Fig. 4. A diagrammatic representation of the method used for recording antidromic action 
potentials in mesenteric Pacinian corpuscles. The dorsal columns were stimulated by unipolar 
stimulus at 2nd cervical and 6th thoracic levels alternately. The action potentials shown in 
the two oscillograms (retouched) were recorded monophasically at a single corpuscle. The 
difference in latency indicates a conduction velocity of 52 m/sec from C2 to T6, over a 
distance of 10-2 om. 


corpuscles, evoked by stimulating the dorsal columns at mid thoracic or upper 
cervical level (Fig. 4). The threshold of stimulation, via a unipolar micro- 
electrode, was lowest at the centre of the dorsal columns, corresponding to the 
position of the splanchnic pathway outlined in the present work (Fig. 1). The 
difference in the latencies of the action potentials shown in Fig. 4, evoked at 
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C2 or T6, indicates for this fibre an intraspinal conduction velocity of 52 m/sec. 
This is within the range of intraspinal velocities recorded under orthodromic 
conduction in the splanchnic dorsal column pathway (see above). 


DISCUSSION 

The results presented in this work link the earlier work on visceral afferent 
pathways with later work based on micro-electrode recording techniques. 
With a micro-electrode of moderate size, splanchnic-evoked potentials can 
be recorded in certain regions of cat spinal cord. The regions of the white 
fibre columns where such potentials have been localized probably contain 
splanchnic afferent fibres, for the reasons already indicated. The mapped 
location of the splanchnic afferent pathway in the cat dorsal columns corre- 
sponds well with the localization of cutaneous tactile afferents from abdomen 
and thorax, as reported by Yamamoto, Sugihara & Kuru (1956). 

The previous papers on micro-electrode mapping of splanchnic afferent 
pathways have only shown single points where such activity has been localized 
(Aidar et al. 1952; Amassian, 19515). Furthermore, there was a large dis- 
crepancy between the points shown in these two papers for the lateral column 
pathway. From the present work it can be seen that this discrepancy is 
easily explainable by virtue of the diffuse ventrolateral column pathways in the 
cat. The mapping of such a diffuse pathway supports the earlier work in which 
acute spinal lesions were employed to locate the course of splanchnic afferents 
through the cord (Harper & McSwiney, 1937; Harris e¢ al. 1944). Some of the 
work on acute spinal lesions suggests that the pathways which mediate 
reactions indicative of pain, in a conscious cat, are polysynaptic and diffused 
throughout the transverse area of the spinal cord (e.g. Karplus & Kreidl, 1914). 
These pathways may be the central projections of unmyelinated afferents. 
The C group has not been stimulated in the present work, and micro-electrode 
studies have not yet given any information about its central projections. 

There was poor agreement between Amassian (1951) and Aidar et al. (1952) 
concerning latencies and probable conduction velocities of the responses. The 
latencies found in this work agree in general with those reported by Amassian. 
The extraspinal splanchnic conduction velocities, and the general spinal pro- 
jections of the splanchnic fibre subgroups are also in agreement with Amassian’s 
findings. The intraspinal velocities had not, apparently, been measured in 
visceral afferent pathways. The figures given in the present work were obtained 
from only six cats, but they support Amassian’s suggestion that there is not 
a marked decrease in the conducted velocity of a visceral afferent impulse on 
entering the spinal cord. The figures given in this work for the dorsal columns 
suggest an intraspinal conduction velocity 70-80% of the extraspinal 
(splanchnic nerve and sympathetic chain) velocity. This is in contrast with the 
considerable reduction in velocity when group I muscle afferents enter the 
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dorsal columns at the lumbar level (Lloyd & McIntyre, 1950). The splanchnic 
nerves of the cat do not regularly contain any fibres as large as Lloyd’s group I 
(Amassian, 19516). The largest fibres (group A beta) of the splanchnic nerve 
do not evoke any mono-synaptic reflex and do not resemble the group | 
afferents in function. The viscero-motor reflexes are polysynaptic, and are 
evoked by the finer A gamma-delta groups of afferents. (Amassian, 19515; 
Downman, 1955). 

The results reported here give little new information about the functions 
and eventual destinations of the various splanchnic spinal pathways. It does 
now seem certain that the mesenteric Pacinian corpuscles project along the 
dorsal column pathway to the sensory areas of the cerebral cortex, as Amassian 
(19514, 6) suggested. It may be that some of the large splanchnic afferents do 
not innervate Pacinian corpuscles, but other origins have not yet been identi- 
fied. The function of the Pacinian corpuscle pathway is still not established. 
Amassian suggested that it might mediate sensations of visceral distention, but 
this seems unlikely since it has been shown that the Pacinian corpuscles adapt 
rapidly (Gray & Malcolm, 1950; Gray & Matthews, 1951). The mesenteric 
Pacinian corpuscles often discharge synchronously with systole, and Gammon 
& Bronk (1935) suggested that they might be responsible for vascular reflexes. 
It is surprising that action potentials synchronous with the cardiac cycle have 
uot been recorded from the splanchnic pathway in the dorsal columns, for the 
exploring micro-electrode frequently passed through the medial region of the 
contralateral dorsal column. Here the pathway from the periphery was intact. 
The silence of this region may have been connected with the use of pento- 
barbitone anaesthesia during the mapping of the dorsal columns. Yamamoto 
et al. (1956) recorded activity synchronous with arterial pulsation in the dorsal 
columns of decerebrate cats, and the location suggests that the fibres could 
have been in the splanchnic pathway as mapped in the present work. On one 
occasion during the present work bursts of action potentials synchronous with 
the end of systole were recorded in the dorsal columns at T4 level, shown by 
the open circle in Fig. 2. It lies lateral to the splanchnic pathway. This 
location, and the fact that the activity was modulated by respiration, suggest 
an intrathoracic termination of the active fibre. | 

The ventrolateral column splanchnic pathways must carry afferents destined 
for thalamus, brain-stem nuclei, cerebellum and possibly other terminations. 
The present work has shown the extensive overlapping of splanchnic and hind 
limb afferents in the ventrolateral columns. This should be thought of as an 
intermingling of afferents from different parts of the body, rather than an 
extensive convergence upon a common ascending pathway, for there was no 
evidence of interaction between the splanchnic and hind limb responses. This, 
however, does not preclude the possibility of a certain degree of convergence 
between segmentally related visceral and somatic afferents. 
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Berry, Karl & Hinsey (1950) plotted the distribution of hind limb afferents 


in the medulla. They noted bilateral activity ventrolateral to the inferior 


olivary nucleus, near the emergence of the hypoglossal nerve. By analogy with 
human anatomy they interpreted this as indicating the location of a spino- 
thalamic tract in the cat, although Marchi techniques have repeatedly failed 
to show a definable tract (Glees, 1953). Their responses were rapidly conducted, 
and in the present work short latency splanchnic-evoked potentials have been 
recorded at the same site. The latencies and durations of the responses are 
incompatible with those recorded in the ventrolateral columns at C2, 3 level, 
but are compatible with those recorded in the dorsal column splanchnic path- 
way (see Table 1). Matzke (1951) has shown that in the cat some of the de- 
cussating fibres of the medial lemniscus pass ventrolateral to the inferior 
olivary nucleus, and it seems likely that at least some of the responses recorded 
at this site, by Berry et al. and in the present work, arose from activity in the 
medial lemniscus rather than in a spino-thalamic pathway. 

The absence of a splanchnic representation in the dorsal spinocerebellar 
tract supports Widén’s (1955) results. In work based upon acute spinal 
lesions, he reported that the smaller splanchnic afferents project to the cere- 
bellum of the cat through the ventral quadrants of the spinal cord. 

In the splanchnic pathway in the ventrolateral columns there appears to be 
an ill-defined subdivision into a deep and a superficial group, the latter being of 
shorter latency. It is possible that the deep group may be propriospinal, but 
at present it is uncertain whether any further topographical subdivision is 
possible. 

The results reported here entirely support the view that visceral afferents 
do not suffer a topographical segregation, within the spinal cord, from homo- 
logous somatic afferents. The maps, especially in the dorsal columns where 
topographical distribution of afferents from different levels is most clearly 
defined in the cat, show that the splanchnic afferents ascend along pathways 
typical of somatic afferents. The intraspinal splanchnic fibres have conduction 
velocities similar to those of somatic fibres of comparable peripheral fibre 
diameter. 

SUMMARY 

1. Spinal cords have been explored with recording micro-electrodes in cats, 
under pentobarbitone and/or chloralose anaesthesia. Maps have been made, 
chiefly at the upper cervical level, of the transverse distribution of responses, 
evoked by stimulation of one splanchnic nerve. A composite diagram has been 
made, showing the location of all points where responses have been recorded in 
what are thought to be splanchnic afferent spinal pathways. 

2. The splanchnic afferent pathway is compact in the dorsal columns. It 
lies ipsilateral, partly in fasciculus gracilis and partly in fasciculus cuneatus. 
At the upper cervical level the hind limb afferents are chiefly dorsal, and the 
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forelimb afferents lateral, to the splanchnic pathway. The centre of the 
splanchnic pathway is near the mid line, 0-8-1-7 mm deep to the dorsal surface. 
The mesenteric Pacinian corpuscles project into this pathway. 

3. The splanchnic afferent pathway is diffuse and bilateral in the ventro- 
lateral columns. It lies mostly in the ventral quadrants, being absent from 
dorsal spino-cerebellar tract. There is extensive intermingling with somatic 
hind limb afferents. 

4. The micro-electrode localizations of previous workers have been ex- 
tended, and accord with some of the conclusions reached by workers who have 
employed spinal lesions in localizing splanchnic afferent pathways. 

5. The results support the view that visceral afferent fibres ascend the 
spinal cord in the same regions as homologous somatic afferents. 
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HUMORAL VASODILATATION IN THE FOREARM DURING 
VOLUNTARY HYPERVENTILATION 


By I. C. RODDIK, J. T. SHEPHERD anp R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 


(Received 2 February 1957) 


Abramson & Ferris (1940) and Clarke (1952) have shown that voluntary 
hyperventilation can cause a dilatation of the forearm blood vessels. Clarke 
showed that the dilatation was not provoked by the mechanical and oxygen 
tension changes associated with hyperventilation, but was related to a falling 
tension of carbon dioxide in the alveolar air. He showed that the dilatation 
was probably in the muscle blood vessels, but he left open the question whether 


/ it~ was mediated by a nervous or humoral mechanism. The experiments 


described in this paper suggest that a humoral agent is the major factor 
responsible for the dilatation. 
METHODS 

The observations were made on three healthy subjects, age 19-28 years. Room air was breathed 
at maximum depth for 1-2 min at a rate of about 28 breaths/min with the subject recumbent. 
Fousnent, hand and calf blood flow was measured by venous occlusion plethysmography using 

trolled plethysmographs (Greenfield, 1954) at heart level. The forearm and calf 
plethysmographs were kept at 35° C, the hand plethysmofaph at 32°C. Heat elimination from 
the finger tip was determined by heat-flow disks (Hatfield, ), the hand being inserted in a water- 
bath maintained at 29° C. The radial, median and ulnar nerves to the left forearm were blocked 
with 2% lignocaine containing adrenaline 1-50,000 (Roddie, Shepherd & Whelan, 1957 a). The 
rate and depth of respiration were recorded by means of two stethographs, one around the chest 
and the other around the abdomen (Shepherd, 1951; Dornhorst & Leathart, 1952). Intra-arterial 
and intra-oesophageal pressure was measured by an electromanometer. The oxygen saturation of 
blood samples taken from a superficial forearm vein was determined by a spectrophotometric 
technique (Roddie et al. 19575). 


RESULTS 
Fig. 1 shows the typical findings on one subject. During voluntary hyper- 
ventilation the blood flow through the normal forearm increased from 3 to 
7 ml./100 ml./min, while that through the nerve-blocked forearm increased 
from 7-5 to 15 ml. The flow through the nerve-blocked hand fell from 40 to 
20 ml. The hand flow on the control side was too low to detect a further con- 
striction with any accuracy. When 5% CO, in oxygen was overbreathed at 
approximately the same rate and depth, there was little or no change in flow 
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through either the forearms or the hands. The changes in flow when air was 
overbreathed were therefore the result of the hypocapnia. 

On a subsequent occasion, the forearm blood flow was measured on one side 
and blood samples withdrawn from a superficial vein in the other forearm. The 
circulation through both hands was arrested. Though hyperventilation with air 
caused an increase in flow from 2-5 to 4-2 ml./100 ml./min, the oxygen satura- 
tion of the blood samples fell from 88 to 77%. This finding is consistent with a 
decrease in blood flow through forearm skin (Roddie, Shepherd & Whelan, 
1956) and indicates that the vasodilatation is in the muscle vessels. 


Air 


Minutes 


Fig. 1. The effect of voluntary hyperventilation with air and with 5% CO, in 95% oxygen on the 
blood flow through the hand and forearm. @, Intact hand or forearm; [O, nerve-blocked 


hand or forearm. The periods between the dotted lines represent the periods of hyper- 
ventilation. 


In another subject, the ulnar nerve on the left side was anaesthetized and the 
heat elimination measured from the pulps of the 5th digits to water at 29° C. 
Voluntary hyperventilation caused a 40% decrease in heat elimination from 
the normal finger and a 6%, decrease in that from the nerve-blocked finger. 
There was no change in heat elimination when 5% CO, in oxygen was over- 
breathed. 

In a third subject hyperventilation caused no change in flow through the 
normal forearm, but the flow was more than doubled through the nerve- 
— forearm (Fig. 2). The arterial blood pressure fell slightly during hyper- 
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ventilation and the pulse pressure decreased. The heart rate increased from 
85 to 140 beats/min. Fig. 3 shows the plethysmographic records from which 
the blood flow shown in Fig. 2 was calculated. 


14¢ 


re 


(mm Hg) 


Arterial blood pressu 


Forearm blood flow (mi./100mi./min) 


T T 

Minutes 

Fig. 2. Theeffect of voluntary hyperventilation by one of the subjects on pulse rate, arterial 
blood pressure and the blood flow through the normal and nerve-blocked forearms. 
@, Normal forearm; ©, nerve-blocked forearm. The clear rectangle represents the period 
of hyperventilation. 


Minutes 
Fig. 3. Plethysmographic records of blood flow in the normal (lower trace) and nerve blocked 
(upper trace) forearms made before, during and after hyperventilation. Static calibrations 
(10 mL.) are shown at the left-hand margin. Record is for the same subject as in Fig. 2. 


DISCUSSION 
The large increase in flow through the nerve-blocked forearm is due to vaso- 
dilatation since the arterial blood pressure falls slightly during the hyper- 
ventilation. The vasodilatation must be produced by a humoral agent since it 
is not mediated by nerves. It is not a consequence of intrathoracic pressure 
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changes due to the hyperventilation since it does not occur when 5% CO, is 
overbreathed. In this respect it differs from the vasodilatation in the forearm 
which occurs with rapid forced breathing against a resistance in the airway. 
The effects on forearm flow and the intrathoracic pressure changes produced 
by voluntary hyperventilation and forced breathing are compared in Fig. 4. 
Although both procedures can increase the flow through the normal forearm, 
in the former case this is potentiated by nerve block, whereas in the latter it is 
abolished. The dilatation with forced breathing against resistance is probably 


Intra- 
re 


100 mi./miny 
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Forearm blood flow 


oF 4 2 3 + 


Minutes 


Fig. 4. A comparison of the effects of voluntary hyperventilation (right panel) and forced breath- 
ing with resistance to air flow (left panel) on intra-oesophageal pressure and blood flow through 
the normal and nerve-blocked forearms. @, Normal forearm; O, nerve-blocked forearm. The 
time trace on the pressure records is in sec. The open rectangles and the black signals represent 
the periods of altered respiration in the flow and pressure records respectively. 


due to stimulation of vascular stretch receptors, whereas with hyperventilation 
the hypocapnia causes a dilatation either through some change in the chemical 
composition of the blood or the liberation of a vasoactive substance. Clarke (1952) 
measured the forearm blood flow in ten seated subjects during overbreathing air 
for 3 min, and found a conspicuous increase in flow in all subjects. In the present 
experiments, with recumbent subjects, and with probably less vigorous 
hyperventilation the blood flow through the normal forearm and calf was 
sometimes increased with the hyperventilation, sometimes unchanged and 
occasionally decreased. It was always increased in the nerve-blocked forearm 
and the different responses in the normal side are possibly explained by 
varying degrees of stimulation of baroreceptors, by the fall in pulse pressure 
(Sharpey-Schafer, 1953) and the resulting reflex vasoconstriction opposing the 
humoral vasodilatation. This would be in keeping with the observations of 
Burnum, Hickam & McIntosh (1953), who found an exaggerated — in 
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patients with orthostatic hypotension, in whom one may suppose that the 
baroreceptor mechanism is inefficient. 

We have no evidence to offer as to whether the dilatation is due to the release 
of a vasoactive substance or to some other change in the chemical composition 
of the blood. The blood flow through the normal and nerve-blocked hand and 
through forearm skin decreases. It is unlikely that this can be explained by the 
small change in arterial pressure, and it seems that the muscle and skin vessels 
are affected differently, the former responding by dilatation and the latter by 
constriction. Clarke (1952) points out the resemblance of some of his blood- 
flow recordings with hyperventilation to those produced by intravenous 
adrenaline infusions. Intravenous adrenaline dilates muscle vessels in both the 
intact and the denervated forearm (Whelan, 1952) and constricts skin vessels 
by a local action (Swan 1951), but a fall in arterial pressure is not typically 
seen. However, with the complex nervous, mechanical and chemical changes 
of overbreathing, it is likely that many factors are involved in the final 
responses in the intact subject. 


SUMMARY 


1. The effect of voluntary hyperventilation on the blood flow through 
normal and nerve-blocked forearms has been compared in the recumbent 
subject. 

2. The blood flow through the normal forearm was slightly increased or 
unchanged while that through the nerve-blocked forearm was greatly 
increased, indicating that the response was not mediated by a nervous 
mechanism. 

3. The increase in flow through the nerve-blocked forearm was due to 
vasodilatation since the arterial blood pressure fell slightly during hyper- 
ventilation. 

4. There was little or no increase in flow in either the normal or nerve-blocked 
forearm when 5% CO, in oxygen was overbreathed at the same rate and 
depth, which demonstrated that the dilatation was related to the falling CO, 
tension. 

5. The flow through the normal and nerve-blocked hand and through fore- 
arm skin decreases during voluntary hyperventilation, indicating that the 
vasodilatation is confined to muscle vessels. 

6. The forearm vasodilatation during voluntary hyperventilation is thus 
due to a humoral mechanism, either some change in the chemical composition 
of the blood or the release of a vasoactive substance. 
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EFFECT OF TEMPERATURE ON ARRHYTHMIA IN ISOLATED 
RABBIT ATRIA 


By A. BEAULNES anp MARGARET DAY 
From the Department of Pharmacology, University of Oxford 
(Recewed 6 February 1957) 


Recent work on cardiac fibrillation has indicated that factors which produce 
a shortening of the action potential increase the likelihood of the development 
of an arrhythmia (Burn, 1957). Thus acetylcholine (ACh), which has been 
widely used in the experimental production of atrial arrhythmias, was shown 
by Burgen & Terroux (1953) and by Hoffman & Suckling (1953) to diminish 
the duration of the atrial action potential. 

The effect of temperature on the atrial action potential was demonstrated 
by Hollander & Webb (1955). They found that its duration and area were 
decreased with a rise in temperature from 30 to 42°C. We have therefore 
studied the effect of temperature on arrhythmias produced in isolated rabbit 
atria. 


METHODS 


The method of inducing arrhythmia was based on that described by Holland & Burn (1957). 
Rabbits weighing 2-5-3-6 kg were used. The atria from the heart of a freshly killed rabbit were 
dissected free from other tissue. They were suspended in a 50 ml. batli containing modified Locke’s 
solution aerated with a gas mixture of 97 parts O, and 3 parts CO, at 29° C. The solution contained 
in one litre: NaCl 7-9 g, NaHCO, 1-26 g, CaCl, 0-24 g, KCl 0-42 g, glucose 2-0 g. The atria were 
attached to a J-shaped glass tube which carried a platinum electrode at its tip. This rested on the 
surface of the lower atrium near its attachment to the glass tube. A platinum fish-hook electrode 
was inserted in the upper atrium. These two electrodes were used for electrical stimulation. The 
contractions were recorded by a straw lever against the pull of a light spring. A second pair of 
platinum electrodes sealed into the tip of another glass tube was placed in contact with the surface 
of one atrium, and these electrodes were used as leads to a Cossor model 1314 electrocardiograph- 
Care was taken not to pierce the atrium, in order to record electrical activity from undamaged 
tissue. When the atrial beat was well established the bathing solution was changed to one con- 
taining 1/4 of the normal amount of potassium, i.e. 0-105 g/l., hereafter referred to as }K Locke's 
solution. ACh in concentrations varying from 2 to 8 x 10~* g/ml. was added to the bath. Stimula- 
tion was applied 1 min later as square wave pulses (6-10 mA) of 0-95 msec duration and 1300- 
2250 cyc./min. It was applied for varying periods of time but never for more than 10 min. The 
rates of stimulation applied were faster than those used by Holland & Burn (1957). On the 
kymograph record, a period of arrhythmia usually appeared as a series of irregular contractions 
of very low amplitude. 
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Two types of experiment were carried out, In the first an arrhythmia was induced either at 29 
or at 37° C; the temperature was then raised or lowered and, by taking frequent e.c.g. records, the 


effect of the temperature change on arrhythmia was observed. In several experiments the 
temperature was raised arid lowered a number of times. 


In the second type of experiment the atria were kept at a steady temperature, ACh and stimula- 
tion were applied and the effect observed for 30 min. The bath was then washed out and the atria 
were allowed to recover a regular beat in normal potassium solution. The temperature was then 
altered, and after changing to }K Locke’s solution the trial was repeated at this new steady 
temperature. Further trials were made at both temperatures with the same pair of atria. 


RESULTS 
Production of atrial arrhythmia was always possible with large atria, but was 
sometimes difficult with small ones. It has long been known that fibrillation 
is more easily induced in a large mass of cardiac tissue than in a small one 
(Erlanger, 1912; Garrey, 1914; Rijlant, 1945). The rhythms observed varied 
from 250 to 1440 beats/min and were both regular and irregular. The atria had 


Taste 1. Arrhythmia induced by ACh alone 


Expt. ' ACh Temperature Duration 
no. (g/ml.) (°C) Rate/min Rhythm (min) 
1 45x10- 29 480-720 Mixed 6 
2a 4x10- 36 960-1200 Irregular 5 
26 4x10-* 35 660-780 Mixed 2 
3a, 2-4 x 10-* 34 900-1400 Regular 2 


c 


i i in Locke’s 
Fig. 1. E.e.g. record showing atrial arrhythmia induced by the addition of ACh 
solution containing K in } its usual concn. at 29° C. (a) Normal rate of 78/min; (5) 1 min after 
addition of AOh (4:5 x 10~¢ g/ml.); (c) 3 min after addition of ACh. 
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a characteristic appearance at this time, groups of fibres in one part of the 
atria contracting at a rate and rhythm different from those in other parts. 

Unusual induction of arrhythmia. On four occasions an arrhythmia was 
observed in } K Locke’s solution merely on adding ACh to the bath (Table 1). 
Fig. 1 shows the e.c.g. record obtained from one of these atria. All four atria 
were stimulated electrically after the arrhythmia had developed, and in all 
but one the arrhythmia continued after stimulation. 

In one pair of atria raising the temperature from 29 to 32° C twice induced 
an arrhythmia (Table 2 and Fig. 2). In another pair of atria stimulation alone 
(in }K) caused arrhythmia at 37° C but not at 29° C as shown in Table 3 and 
Fig. 3. 

Effects of temperature varvation 

Table 4 shows the results of seven experiments in which the effect of 
changing the temperature was most obvious. In addition to the observations 
recorded,’ many others, made at intermediate temperatures, have been 
omitted for the sake of brevity. After an arrhythmia had been induced, in 
these seven atria, five became quiescent at a low temperature, but the 
arrhythmia returned when the temperature was raised. Thus in Expt. 6 an 
arrhythmia of 540-900/min was induced at 37° C; the atria became quiescent 
when the temperature was reduced to 31° C but arrhythmia reappeared at 
600/min when the temperature was raised to 345°C. At 37°C the rate 
increased to 900/min. Lowering the temperature to 28°C produced an 
irregular rhythm of 150/min and a final increase of temperature to 36° C 
produced an arrhythmia of 480/min. The temperature was raised and lowered 
several times to ensure that these were not chance effects. With the exception 
of Expt. 7a, a relation between rate of arrhythmia and temperature was 
- always observed; this was particularly clear in Expt. 76. Fig. 4 shows the 
e.c.g. records obtained at different temperatures in Expt. 3d. 

In six other trials not recorded in Table 4 an arrhythmia was observed at 
a higher temperature while at a lower one the atria were quiescent or the 
arrhythmia was slower. Thus at 29°C, in one experiment, the atria were 
quiescent, but at 34-5° C they became arrhythmic (720 beats/min). All these 
atria finally became quiescent and further changes of temperature made no 
difference. 


In five other experiments a short arrhythmia was induced by ACh and > 


stimulation at 29° C. The arrhythmia was followed by quiescence which 
persisted when the temperature was raised. Further stimulation at the higher 
temperature produced an arrhythmia which was always faster than that 
occurring at 29° C. 

In only one experiment was it possible to induce an arrhythmia at 29° C 
but not at 37° C even with further stimulation. In a control experiment tlie 


atria were exposed to different temperatures in }K Locke’s solution without — 
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addition of ACh. Frequent e.c.g. records were taken but no arrhythmia 
developed. In onegexperiment carbachol produced an arrhythmia just as 
effectively as ACh. 


Fig. 2 Fig. 3 

Fig. 2. E.c.g. record showing atrial arrhythmia induced by raising the temperature in Locke’s 
solution containing K in one-fourth its usual concn. (a) 29° C, rate 100/min; (b) 32° C, rate 
720/min (c) 33° C, rate 900/min. 

Fig. 3. E.c.g. record from Expt. 4 showing effect of 10 min electrical stimulation in Locke's 
solution containing K in one-fourth its usual concn. at 29 and 37° C. (a) 29° C, normal rate, 
60/min; (6) 29° C, after stimulation, 53/min; (c) 37° C, normal rate, 150/min; (d) 37° C, after 
stimulation, rate approximately 720/min. 


Tasiz 2. Arrhythmia induced by raising the temperature alone 


Temperature Duration 
no. (°C) Rate/min Rhythm (min) 
3b 29 Normal Normal — 

32 Regular 

33 Regular 

34 840 Regular 1 
3c 29 Normal Normal — 

490 Irregular ‘ 

29 300-420 Irregular 21 
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Tasix 3. Arrhythmia induced by electrical stimulation alone 
In each trial, the atria were stimulated at a rate of 2250/min for 10 min using a current of 
10 mA 
Tem Duration 
io Rate/min Rhythm (min) 
29 53 Regular <i 
37 250-720 Mixed 30 
2 


29 60 Regular 
37 260-300 Regular 


TaBe 4. Effect of temperature variations on arrhythmia set up by 
stimulation in the presence of ACh 


no, 

4a 

b 

c 

d 

Rate/min Rhythm 
300 


56 


7a 


7b 


Atrial arrhythmias at constant temperatures 

In the foregoing experiments stimulation was applied and arrhythmia then 
followed, and the temperature was raised or lowered to observe the effect on 
the arrhythmia. In five additional experiments the arrhythmia was studied at 
one temperagure and then terminated. The temperature was changed and the 
arrhythmia was produced for a second time. During each period of observa- 
tion the temperature was kept constant. The results are shown in Table 5. In 
four of the five experiments the arrhythmia was always of longer duration at 
37 than at 29°C. In the other experiment, not shown in Table 5, at 29° C 
stimulation caused arrhythmia lasting 9 min but at 37° C it caused arrhythmia 
lasting only 3 min. However, stimulation after this failed to cause arrhythmia 
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Fig. 4. E.c.g. record showing effect of change of temperature on atrial arrhythmia: note smaller 
scale than Figs. 1-3. (a) 29° C, normal rate of 150/min. Between a and b ACh 2-4 x 10~ g/ml. 
was added and electrical stimulation was applied for 5 min. (6) 29° C, 2 min after end of 
stimulation 300/min; (c) 33°C, 480/min; (d) 32°C, 256/min; (e) 29°C, atria quiescent; 
(f) 36° C, 540/min; (g) 36-5° C, 660/min; (h) 30° OC, atria quiescent. 


Tasz 5. Atrial arrhythmias at constant temperatures 


In all experiments ACh 8 x 10~* g/ml. was used. Stimulation was at a rate of 2250/min for 
10 min, except where otherwise stated. 


Expt. Current Temperature Duration 
no. (mA) (°C) Rate/min Rhythm (min 
6 29 Mixed 5 
6 33 Regular Several periods 
less 
c 6 37 600-840 Irregular 
d 6 29 360 Several of 
9a 6 29 300-1140 Mixed 30 
b 6 37 360-1800 Mixed 30 
c 6 29 300-840 Mixed 6 
d 6 37 540-660 Mixed 30 
10¢ 10* 37 360-540 Irregular 4 
d 10* 29 Quiescence —_— _ 
12a 10 37 360-720 Mixed 103 
b 10 29 Quiescence 
c 10 37 240-720 Irregular 24 


a e 
b f a 
ig 
‘ 
: 
* For 6 min, 


82 A. BEAULNES AND MARGARET DAY 


either at 37 or 29° C. In two experiments (10 and 12) it was not possible to 
produce an arrhythmia at 29° C, but only at 37° C (Fig. 5). No arrhythmia 
was observed in a control experiment when atria were kept for 40 min in }K 
solution at 29 and at 37° C. 


f 
Fig. 5. E.c.g. record showing effect of ACh (8 x 10~* g/ml.) and electrical stimulation for 10 min in 
Locke’s solution containing K in one-fourth its usual concn. at 29 and 37° C: same scale as 
Fig. 4. (a) 37° C, normal rate, 100/min; (6) 37° C, after stimulation, rate approx 720/min; 


(c) 29° C, normal rate, 48/min; (d) 29° C, after stimulation, rate 120/min; (e) 37° C, normal 
rate, 120/min; (f) 37° C, after stimulation, rate 420/min. 


DISCUSSION 


There are several accounts in the literature of the effect of lowering the body 
temperature on the occurrence of fibrillation. In dogs, kittens, monkeys and 
men it has been shown that at a low body temperature fibrillation (both 
auricular and ventricular) tends to occur (Covino, Charleson & D’ Amato, 
1954; Hamilton, Dresbach & Hamilton, 1937; Talbott, 1941; Wayburn, 
1947). The problem of hypothermia in the whole animal is, of course, very 
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complex. Osborn (1953) stated that dogs which developed ventricular 
fibrillation at low temperatures showed respiratory acidosis due to OO, 
retention, even when artificial respiration was applied. If the fall in pH thus 
produced were prevented, the mortality from ventricular fibrillation decreased. 
Thus fibrillation produced by lowering the temperature in the whole animal is 
probably not a direct effect of temperature on the heart. 

Ruskin & Decherd (1949), Dirkin, Gevers, Heemstra & Huizing (1955) 
and Burn & Goodford (1957) ha¥e studied the effects of temperature on 
ventricular fibrillation in the isolated rabbit heart. Ruskin & Decherd 
produced fibrillation in the isolated ventricles by electrical stimulation at 
temperatures below 27°C but not at higher temperatures. On the other 
hand, Dirken e¢ al. and Burn & Goodford found that the tendency of 
the ventricles of the isolated heart to fibrillate on stimulation increased 
with increase in temperature. It has been shown by Trautwein (1953) and 
Coraboeuf & Weidmann (1954) that a drop in temperature from 40 to 25° C 
increased the duration of the action potential in Purkinje fibres. Thus the 
tendency of the ventricles to fibrillate at the higher temperature in the isolated 
preparation may be related to the shorter duration of the action potential at 
this temperature. 

Arrhythmia in isolated atria was described by Dawes & Vane (1951), 
Di Palma & Mascatello (1951) and by West, Turner & Loomis (1954), but no 
systematic observations were made by any of these authors on temperature 
effects. 

Our results on the effect of temperature on arrhythmia in isolated rabbit 
atria agree with those obtained for the ventricles by Dirken et al. and Burn & 
Goodford. An increase in temperature after ACh and rapid stimulation 
produced an arrhythmia or increased the rate of beat if the arrhythmia were 
already present. It was also found that an arrhythmia could be induced more 
easily at a higher temperature (37° C) than at a lower one (29° C). 

Since it has been shown by Hollander & Webb (1955) that a rise in tempera- 
ture decreases the duration and area of the atrial action potential, our results 
support the hypothesis that factors producing a shortening of the atrial action 
potential increase the likelihood of the development of an arrhythmia. 


SUMMARY 

1. Arrhythmias have been produced in isolated rabbit atria by electrical 

stimulation in the presence of acetylcholine and in a solution containing one- 

quarter the normal K+ concentration. The rhythms observed varied from 250 
to 1440 beats/min and were both regular and irregular. 

2. The effect of temperature changes was studied, and it was found that the 

arrhythmias produced at 37° C diminished in rate on lowering the temperature 
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and often ceased altogether. When the temperature was raised again the 
rapid rhythm returned. 

3. When arrhythmias were induced at different temperatures, it was found 
that higher temperatures (37° C) were more favourable than lower ones (29° C) 
for their production. 

4. Since the action potential is increased in duration when the temperature 
is lowered, the evidence supports the view that the occurrence of arrhythmias 
is favoured by conditions which shorten the action potential. 


We wish to express our thanks to Professor J. H. Burn for advice and guidance throughout our 
work. This work was done while one of us (A. B.) was receiving a Canadian Life Insurance Research 
Fellowship. 
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INITIATION OF BLOOD COAGULATION BY GLASS 
AND RELATED SURFACES 


By J. MARGOLIS* 


From the Department of Pathology, Radcliffe Infirmary and 
the Nuffield Institute for Medical Research, Oxford 


(Recewed 7 February 1957) 


In spite of the rapid advances in our knowledge of the physiology of blood 
coagulation, the reason why blood remains fluid in the body and yet clots 
rapidly im vitro remains obscure. It is taken for granted that the initial 
stimulus is the exposure to a ‘foreign surface’, but what this ‘foreigness’ is 
and how it acts are still matters of controversy. 

The subject has been reviewed amongst others by Pickering (1928), Barker 
& Margulies (1949), Macfarlane (1948, 1956), and Biggs & Macfarlane (1953). 
In contrast to the earlier emphasis on the blood platelets, recent evidence 
favours the view that the initial contact reaction takes place in the plasma. 

Lozner, Taylor & MacDonald (1942) showed that glass contact shortens the 
clotting time of platelet-poor plasma and concluded that this reaction is 
associated with the plasma euglobulin fraction. Tocantins (1945) and his co- 
workers (Tocantins, Carroll & Holburn, 1951) made an extensive study of the 
effect of different surfaces on the clotting of plasma and decided that the basis 
of the reaction was the adsorption of a lipid inhibitor of clotting (‘anticephalin’). 
Conley and collaborators (Conley, Hartmann & Morse, 1949; Hartmann, 
Conley & Lalley, 1949; Ratnoff & Conley, 1951; Hartmann & Conley, 1952; 
Dick, Jackson & Conley, 1954) studied the effect of glass contact on human 
and canine platelet-free plasma and its euglobulin fraction, These workers 
considered antihaemophilic globulin (AHG) to be the component sensitive to 
contact and showed that surface is a quantitative factor in prothrombin 
utilization. Quick, Hussey & Epstein (1953) made similar observations re- 
garding prothrombin consumption, but attributed their findings to the auto- 
catalytic effect of sarface-adsorbed thrombin. Fiala (1951) and Fiala & Roth 
(1953) isolated a thermolabile coagulation inhibitor from horse plasma and 
presented indirect evidence that contact activation is due to the adsorption of 
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this substance, which, however, bears no relation to Tocantins’s anticephalin. 
Biggs, Douglas & Macfarlane (1953) investigated thrombin generation in 
normal and pathological plasma under various conditions of glass contact and 
concluded that glass affects both the Christmas factor and the platelets. 
Ferguson (1953) showed that canine plasma, rendered incoagulable by pro- 
longed centrifugation, was still able to respond to contact with glass. This was 
demonstrated by comparing the clotting times of intact and eontacted samples 
after addition of platelets or ‘cephalin’. Fantl & Nelson (1953) have shown 
activation by glass of dog lymph, which is completely devoid of platelets. 
Rapaport, Aas & Owren (1955) evaluated the effect of glass powder on 
Christmas factor and proconvertin and found a considerable increase in the 
activity of these factors. These authors disagree with the view that the removal 
of an inhibitor is responsible for this reaction. 

The present account, which follows an earlier communication (Margolis, 
1956), is an attempt to unravel the changes in the clotting ability of plasma, 
as a result of exposure to surfaces such as glass, kaolin and various forms of 
silica, which are known to activate coagulation. 


METHODS 


Except when deliberately exposed to surface action all blood derivatives were handled in glass- 
ware coated with silicone (MS 1107). Venous blood was collected into 19% trisodium citrate 
(0-2 ml./10 ml.). Platelet-rich plasma was obtained by low-speed centrifugation. Platelet-free 
plasma was prepared by centrifuging at 12,000 g for 5-10 min; the supernatant was decanted into 
fresh tubes and the process repeated once, or, in later experiments, twice. Direct counts on un- 
diluted samples showed consistently less than 10 platelets/mm®* in the plasma spun three times. 
Protein fractions were precipitated with saturated (NH,),SO, and dialysed against citrated 
0-9% NaCl solution for 18 hr at 4° C. Euglobulin was prepared by dilution and acidification with 
CO,. Coagulation times were estimated at 37° C by recalcifying 0-2 ml. samples with 0-05 ml. 
CaCl, (m/10). Plasma which had not been in contact with glass or similar surfaces will be referred 
to as ‘intact plasma’ after Tocantins (1945). 


A sample of plasma was recalcified in the presence of a measured amount of glass or quartz 
powder, kaolin or other substances. When it was desirable to achieve the shortest possible coagula- 
tion time, the plasma was incubated with the powder before adding CaCl, ; in other experiments it 
was preferable to add the powder at the last moment, e.g. by mixing it with the CaCl, solution. 
The optimal conditions vary according to the purpose of the particular experiment, and will be 
specified in the text. This procedure can be used to compare the activity of various materials, 
provided their specific surface areas are known. 


Indirect contact activation method 
Platelet-free plasma was gently rotated in a tube containing a weighed amount of smal! glass 
beads (‘ballotini’, diam. 0-12 mm). Unless otherwise stated, the standard activation ‘dose’ was 
100%, w/v, beads, applied for 20 min at room temperature, On removal from the turn-table the 
beads settled within a few seconds and the supernatant sample was tested without delay. A 
number of siliconed tubes each containing 0-2 ml. of intact plasma were prepared beforehand; 
0-1 ml. of the contacted sample was transferred into the first of these tubes. 0-1 ml. of this 
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mixture was then transferred into the second tube and so on. These serial dilutions were then 
recalcified at 37° C and the clotting times recorded. The diluent plasma will be referred to as 
‘indicator plasma’ since it does not directly participate in the contact reaction. When the clotting 
times were plotted against the dilution on « log/log scale, a linear relation was obtained. Under 
standard conditions this relation can be used to convert clotting times into arbitrary units of 
activity, the undiluted sample representing 100 units, 1/3 dilution—33 units and so on. It is 
appreciated that because of the complexity of the system such an activity curve can act only’as 
a rough guide. As will be shown below, in order to ensure reproducible resulta, it is necessary to 
add platelet material to the indicator plasma. Best results are obtained by adding to the CaCl, 
solution an aqueous ‘extract’ of washed platelets, lysed by freezing and thawing, and buffered at 
pH 7:3 with glyoxaline in order to prevent flocculation. In some earlier experiments platelet- 
rich plasma was added directly to the indicator plasma (e.g. in Table 4), and the resulting clotting 
times were somewhat longer than those in which lysed platelets were used. 


RESULTS 


The observations presented below are based on numerous experiments of 
which representative samples are given in the figures and tables. 


Direct contact clotting time 

Intact, platelet-free plasma prepared as described above is practically 
incoagulable in siliconed tubes. In the presence of an optimal amount of 
activating material (e.g. 20 mg kaolin/ml. plasma), the usual clotting time is 
3-8 min, but occasionally much longer. The addition of 500 platelets/mm* 
eliminates these variations and, under specified contact conditions, almost 
identical clotting times are obtained in different normal samples. In exception- 
ally ‘clean’ specimens of plasma even 100 platelets/mm* will appreciably 
shorten the clotting time. It is therefore reasonable to assume that the un- 
predictable behaviour of ‘ platelet-free’ plasma is due to the presence of traces — 
of platelet material which is not sedimentable at 12 000 g and is undetectable 
microscopically, 

At a given platelet concentration the clotting time decreases with the 
increase of contact area, and here again a linear relation on a log/log scale is 
maintained within a wide range of values (Fig. 1). 

A similar set of curves is obtained if the contact area is kept constant and 
the platelet content is varied. It may, therefore, appear that contact and 
platelets are, to a certain extent, interchangeable clotting factors. When 
quantitative aspects are considered, however, it becomes obvious that two 
distinet reactions are involved. This is shown in Fig. 2 in which the simul- 
taneous effect of the variation of platelets and contact on clotting time is 
schematically represented in three dimensions. It will be seen, for example, 
that the system is exceedingly sensitive to sma__ increases in platelet concen- 
tration even when the contact effect is maximal. 

While it is clear that platelets and contact do not replace one another, it 
may still be asked whether the contact reaction is the result of the activation 
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Kaolin (mg/ml. of plasma) 


Fig. 1. The effect of contact on clotting time: 0-05 ml. of serial fivefold dilutions of a suspension of 
kaolin in 0-1m-CaCl, were added to 0-2 ml. of citrated plasma in siliconed tubes at 37° C. The 
figures above the curves indicate the number of platelets per cubic millimetre. 


Clotting time (sec) 


Platelets/mm? 


Fig. 2. Three-dimensional representation of the effect of simultaneous variation of contact area 
and platelet content on the clotting time of recalcified plasma. For greater clarity the concave 
surface has been drawn as an opaque structure and the origin is therefore concealed behind 


the diagram. 
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of platelets or of their breakdown products even when these are present in 
traces. To answer this question it is necessary to separate the contact stage 
from other stages of coagulation. This was accomplished by the indirect 
method. 
Indirect contact activation test 

Fig. 3 shows the results of an experiment in which platelet-free plasma with 
an exceptionally long clotting time was activated with ballotini and recalcified 
after serial dilution in equal portions of an intact sample of the same plasma. 
Lysed platelets were added with the CaCl, according to the method already 
described. It is apparent that the originally long clotting time of the con- 
tacted sample was not due to its failure to respond to the glass surface but to 
a defect in the indicator system which was corrected by addition of platelets. 


1/1 iB 177) fe 

Dilution in indicator plasma 

Fig. 3. Indirect contact activation of glass-incoagulable platelet-free plasma (see Methods). 

Lysed platelets were added to the system in CaCl,. The oblique interrupted line refers to the 
undiluted (‘1/1’) sample recalcified without the platelet extract. 


Since at no stage did the added platelet extract come in contact with the 
glass beads, the presence of platelets does not appear to be necessary for 
contact activation. It is not often that such a ‘clean’ specimen of platelet- 
free plasma can be obtained, but in an average experiment the clotting time of 
contacted samples without added platelets is still sufficiently long to illustrate 
the point (Fig. 4). 

So far the findings support the contention that the unpredictable behaviour 
of different samples of normal, platelet-free plasma is due to the presence of 
variable traces of platelet materials, and has nothing to do with their ability 
to react to glass contact. What remains to be established is whether contact 
has any effect on platelets as such. No conclusions can be drawn from obser- 
vations on washed platelets, since these are grossly damaged. In order to test 
the reaction of platelets in their natural plasma environment, the ee 


tee 
700r 
600 7 
i 
c 
} ¥ 
406 
U ° 
J 
4 


100 J. MARGOLIS 


procedure was adopted. Platelet-rich and platelet-free plasma were first 
exposed to glass contact under identical conditions. Each was then mixed in 
siliconed tubes with an equal volume of intact plasma as follows: 

(1) Platelet-rich intact, with platelet-free activated plasma; 

(2) Platelet-rich activated, with platelet-free intact plasma. 


\ 


j j l 
1/1 1/3 1/9 271/81 
Dilution in indicator plasma 
Fig. 4. Indirect contact activation test with a varying number of whole platelets in the indicator 
plasma (figures in brackets indicate the number of platelets/mm* plasma). Platelet-rich 
plasma was added to the indicator plasma and was therefore not present in the undiluted test 
samples(‘1/1’). In the lowest curve a concentrate of washed platelets was also added (@). 


This arrangement ensured that both the mixtures (1) and (2) contained an 
equal proportion of contacted plasma, but only those platelets contained in (2) 
were exposed to glass (Table 1). The clotting times were found to be de- 
pendent on the mechanical conditions of activation. In those samples which 
were left standing undisturbed in contact with glass beads or rods the clotting 
times of (1) and (2) were approximately the same. If, on the other hand, the 
plasma was rotated during exposure, (2) clotted well in advance of (1). In all 
the agitated specimens gross fragmentation of the contacted platelets was seen 
under the microscope. These observations suggested that the increase of 
platelet activity could be due simply to their mechanical disruption. It 
follows that it should not be observed if the platelets are disrupted before 
activation. The experiment was therefore repeated, the plasma samples 
having been first subjected to ultrasonic vibration (1 min at 35 ke/s), which 
treatment resulted in a total dissolution of platelets. The results of this 
experiment show that contact has no effect on lysed platelets. Similar findings 
were recorded when freezing and thawing was used as the method of disrupting 
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the platelets. These procedures did not destroy the activity of the platelets; 
on the contrary, there was a great increase of activity evident both in recalei- 
fied clotting times and in the Russell’s viper venom clotting times, the latter 


falling from 13-15 sec in untreated plasma to 3-4 sec in the plasma containing 
disrupted platelets. 


Taste 1. The effect of glass contact on platelets 
Platelet-rich plasma ove ius Activated Intact Intact Effect of 
Platelet- 


free plasma see tee Intact Activated Intact contact on 
Methods of exposure to glass contact — 
Glass rods without agitation 215 215 600 ~ 
Ballotini with occasional i 165 220 540 + 
Ballotini with continuous agi 
(a) Whole plasma 110 150 480 + 
(6) Ultrasonated plasma 100 90 300 - 


Recalcified clotting times (sec) of mixtures of equal volumes of platelet-rich and platelet-free 
plasma subjected to various contact procedures (see text). 


Tastz 2. The effect of platelets on activation and decay 


Incubation in 
Platelets/mm** siliconed tubes 
A. at 37°C after Dilutions in indicator plasma 
In activated In indicator activation 
plasma plasma (min) l/it 1/9 1/27 1/81 
0 0 (a) 0 250 360 #j$710 1500 — | 
(6) 20 720 840 1410 
0 5000 (a) 0 250 230 275 #300 460 
(b) 20 870 330 360 
(b) 20 225 280 370 


Recalcified clotting times (sec) of dilutions of glass-activated samples in intact indicator plasma: 
0-6 ml. of plasma activated 20 min by rotation with 0-6 g of glass ballotini was recalcified in 
serial dilutions with intact indicator plasma (a) immediately, and (6) after incubation. 

* Added as platelet-rich plasma which had been frozen and thawed twice to disrupt the platelets. 

+ In this table and in Tables 3 and 4 ‘1/1’ signifies undiluted test sample. 


Decay of activity 

When contact activation is interrupted and the plasma left standing, its 
coagulation time rapidly increases. As tested by the indirect activation 
method this decay of activity occurs in all dilutions. This probably means that 
it is the product of the contact reaction which decays, since other limiting 
factors are supplied by the diluent plasma. The reaction is not significantly 
affected by the presence of platelet material, although, naturally, the range of 
clotting times is shifted (Table 2). 

The rapid rate of decay could explain why not only the initial rate of activa- 
tion but also the ultimate level of activity is a function of the contact area. 
This is shown in Fig. 5 in which the clotting times are converted into units of 
relative activity by reference to a curve constructed by plotting the clotting 
times of an-activated sample against its dilution in the indicator plasma (ef. 
Fig. 8). 
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The maximal level at which the activity is sustained, presumably represents 
an equilibrium between activation and decay. This level can be altered in 


_ either direction by adding or removing glass surface. 


100 cm? 


Units of activity 


25 em? 
5 cm? 
10 
L 
Activation time (min) Activation time (min) 
Fig. 5 Fig. 6 


Fig. 5. The rate of contact activation and decay; platelet-free plasma was rotated with various 
amounts of ballotini (the figures represent glass surface area per ml. of plasma). At the point 
marked ‘ x” a volume of plasma was removed from one of the tubes and incubated in 
a siliconed tube at 37° C. Samples of 0-1 ml. taken at intervals were diluted with 0-2 ml. of 
intact indicator plasma containing 10,000 platelets/mm* and recalcified in siliconed tubes. 
The clotting times were converted into relative units of activity by reference to a dilution 
curve constructed at the time of the experiment (see Methods). 

Fig. 6. Activation and exhaustion by contact: 4 ml. of plasma were rotated with 1 g of ballotini. 
At intervals samples were removed and treated as follows: (a) immediately recalcitied in 
siliconed tubes (@); (6) recalcified in the presence of 0-05 g of quartz powder after 2 hr 
incubation at 37° C in siliconed tubes (0). 


Exhaustion of activity 

Plasma which is subjected to the activation-decay sequence a number of 
times shows a progressively weaker response to contact and eventually will not 
clot at all. With platelet-free plasma this effect is very striking (Fig. 6). In 
contrast to the decay phenomenon, exhaustion can not be explained simply 
by the disappearance of the ‘contact factor’. If instead of using direct con- 
tact clotting times (as in Fig. 6) the successive samples are tested by the 
indirect contact activation method, their clotting times increase more gradu- 
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ally, and the rate of exhaustion, therefore, appears slower. This means that 
what has been consumed can be partially replaced by the intact indicator 
plasma, showing that components other than the ‘contact factor’ have been 
exhausted as well. 


Activation of plasma derivatives and fractions by contact 
In an attempt to localize the site of contact activity in terms of known 

coagulation factors, the following substances were investigated 

(1) Al(OH),-adsorbed plasma; 

(2) Plasma heated at 56-61° C; 

(3) Plasma heated at 56-61° C and adsorbed with Al(OH), ; 

(4) (NH,),80, fractions of (1)-(3); 

(5) Euglobulin from (1)-(4). 
All these derivatives are incoagulable on recalcification and the effect of the 
contact can only be measured by the indirect method. In the first dilution 
(1/3), which contains only 66% of whole plasma, the clotting time is usually 
somewhat longer than with whole plasma, but in higher dilutions (1/9, etc.) 


TaB_z 3. Glass activation of plasma derivatives 


Dilutions in intact indicator plasma 
Activated sample Intact control 
8am 
Substances tested 1/1* 1/3 1/9 1 
(1) Whole plasma 175 250 380 880 
(2) Plasma heated 15 min at 60° Ct 9) 1000 930 900 
(3) Plasma heated 15 min at 56° Ct a) 285 325 720 
(4) As (3) but adsorbed with a) 300 345 720 
Al(OH), gel 
(5) 25-45 % saturated (NH,)SO, 6) 240 290 600 
fraction of (4) . 


Indirect contact activation tests (see text): recalcified clotting times (sec) of dilutions of glass- 
activated and control samples in intact indicator plasma. Lysed platelets (1000/mm® final con- 
centration) were added in CaCl,. 

* Le. undiluted, 

+ Denatured fibrinogen precipitate removed by high speed centrifugation. 


the test conditions are comparable. The results of activation tests on (2), (3) 
and (4) are shown in Table 3. Apart from heating above 60° C the procedures 
listed do not destroy the ability of these preparations to react to glass con- 
tact. Furthermore, the uncontacted samples being practically inactive, 
activation is specific to contact and not incidental to the method of prepara- 
tion of the fractions. The euglobulin preparations showed approximately the 
same activity as the fractions from which they were derived, but differed in 
one important respect: the intact samples were already active to begin with, 
and could not be further activated by glass contact. Continued rotation with 
glass beads resulted only in their denaturation as evidenced by the appearance 
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of strands of insoluble material as well as by the gradual loss of activity. It is 
possible that these observations represent the phenomenon of dilution activation 
(Tocantins et al. 1951), but in the absence of further evidence the euglobulin 
fractions cannot be included in the same category as the other plasma deriva- 


tives studied. 
Contact activation of pathological plasma 

Glass activation reaction has been tested in cases of haemophilia, Christmas 
disease, congenital factor V deficiency and in patients treated with dindivan. 
The results in Table 4 show that indirect contact activation tests gave normal 
values in these cases. It may, therefore, be inferred that the factors in which 
these plasmas are deficient are not directly concerned in the initial contact 
reaction. Shafrir & De-Vries (1956) recently reported similar observations on 
heated haemophilic plasma. 


TasBue 5. Evidence of a plasma antagonist to ‘contact factor’ 


Dilutions in intact indicator plasma 
25-45 % saturated (N fraction Activated sample 
1) Tested immediately (see Table 3, (5 240 290 600 
Tested after 25 min 37°C 300 380 600 
(26) As (2a) but incubated in 1/3 dilution in 530 780 600 
indicator plasma : 


Indirect contact activation test on a plasma fraction (cf. Table 3): The samples 2a and 2) and 
the indicator plasma were incubated in siliconed tubes in parallel, but in the case of 2a the 
dilutions were made at the end of incubation whilst in the case of 25 the first dilution (1/3) was 
made at the commencement of incubation. 


Evidence for the presence of an antagonist 
The decay phenomenon observed in whole plasma becomes less with pro- 
gressive purification of plasma fractions. Thus, the activated (NH,),80, 
fraction of heated, adsorbed plasma is relatively stable when incubated alone. 
On the other hand, when it is mixed with whole plasma, the decay reaction 
reasserts itself (Table 5). These findings are most easily explained by assuming 
that an antagonist present in plasma is removed or destroyed by fractionation. 


DISCUSSION 
The results of the present inquiry confirm the conclusions of previous investi- 
gators that citrated plasma develops coagulant properties on exposure to 
glass and related materials, and that this reaction can occur in the absence of 
platelets or added calcium. Its independence of calcium made it possible to 
study the changes in two stages, that is, by the indirect activation method, in 
which the contact reaction is separated from those phases of clotting which 
require calcium for their completion. Further, this reaction was made the 
limiting factor by dilution of the activated samples in normal, intact plasma; 


y 
4 
, 
a 
d 
a4 
~ 


106 J. MARGOLIS 


and this, in turn, enabled the investigation of incomplete clotting systems, 


As the first step it was necessary to determine the part played by the platelets 
in the contact reaction. It is not possible to guarantee the removal of the last 
traces of platelet fragments by the usual separation procedures, and the term 
‘platelet-free plasma’ has, therefore, only a relative meaning. Minute 
quantities of unsedimentable platelet debris are sufficient to make all the 
difference when the object is to obtain plasma which is completely incoagulable 
on contact. Traces of platelet-like activity may be derived also from sources 
other than platelets, for example from chylomicrons (Poole, 1955). It was 
possible to show that whilst platelets must be present in the later stages of 
coagulation, which form the indicator system in the indirect activation experi- 
ments, they are not necessary for the contact reaction. Contact of platelets 
with glass may, under suitable mechanical conditions, result in their fragmen- 
tation and, in this way, increase their coagulant properties; but this is quite 
distinct from the activation of plasma. Fragmentation may be effected by 
other means, such as ultrasonic vibration or freezing and thawing and, in each 
case, the release of platelet contents produces a similar increase in the sensi- 
tivity of the indicator system. 

On the basis of experiments on plasma and plasma fractions, the following 
conclusions were reached : 


(1) An active substance appears in plasma as a result of exposure to glass 
contact. 

(2) This reaction proceeds normally in haemophilic, Christmas disease, factor 
V deficient and ‘dindivan’ plasma. 

(3) The phenomenon can be attributed to a precursor substance in the plasma, 
which substance survives heating to 57° C for 15 min, but is completely 
inactivated by heating to 60°C, is not adsorbed by AI(OH),, and is 
maximally precipitated from either whole or heated and adsorbed plasma 
between 25 and 45% saturation with ammonium sulphate. 

(4) The activated substance is unstable and rapidly disappears when plasma 
is removed from contact with glass. This implies that the activation 
reaction is not autocatalytic. 

(5) The decay of activity appears to be due to an antagonist present in 
plasma. This can be removed by fractionation procedures. 

(6) The decay is not reversible, as continued or repeated activation leads to 
the eventual exhaustion of activity. Unlike the decay, exhaustion is not 
confined to the ‘contact factor’ alone, but affects progressively other 


components of the clotting system, and is, in a way, analogous to the slow _ 


ageing of plasma kept in glass vessels. 


The only other step in purification so far taken has been the precipitation of 
euglobulin from the active fractions, but it is still to be proven that its clot- 
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accelerating action bears any relation to the contact phenomenon. The dis- 
tinction is more than one of academic interest, as the recently described 
‘Hageman’ clotting defect (Ratnoff & Colopy, 1955) has been identified in a 
euglobulin preparation very similar to the one used in the present investiga- 
tion. 

Because of the complex nature of the reactions involved, objections may be 
raised against drawing quantitative conclusions from changes in clotting 
times by converting these into arbitrary units of activity. It is for this reason 
that throughout this investigation, with the exception of Fig. 5, such quanti- 
tative deductions were avoided. On the other hand, it may be noted that in 
Fig. 5, where such interpretation was attempted, the resulting initial rates of 
_ activation proved to be roughly proportional to the contact surface areas as 
would be expected on theoretical grounds. 

The contact reaction is an important variable in tests for clotting efficiency. 
Thus the recalcified clotting times at 37° C can vary from under 1 min to over 
24 hr, according to the amounts of contact and of platelet material present 
(Fig. 2). In routine tests these extremes are not realized, but the wide normal 
range and the lack of agreement between laboratories bear witness to the need 
for a more rational control of these conditions. The present data suggest that 
recalcification with a near-maximal surface exposure and a low but controlled 
platelet concentration provides a very sensitive test system. The former can be 
provided by the addition of kaolin or kieselguhr (10-50 mg/ml.), the latter by 
adding lysed platelets (1000-10 000/mm*) to high-spun plasma. 

Certain implications of a more general nature should also be considered. It 
is obvious that haemostasis is not normally initiated by glass or other forms of 
silica, but by contact of blood with injured tissue. In both cases, coagulation is 
dependent on the formation of blood thromboplastin. Although the initial 
stimuli appear to be so widely different, there are some indications that 
injured tissue supplies an equivalent of the already activated plasma ‘contact 
factor’, and this may be the connecting link between haemostasis and in vitro 
coagulation. 

The emphasis in literature on glass as a clot-promoting surface presumably 
arose from its common use as a container. What may be more important is that 
other, naturally-occurring, forms of silica are equally active in this respect, 
whilst most other compounds are relatively inert. It is interesting to note that 
silica is a potent agent in producing other forms of injury manifestations, for 
example coagulative necrosis, proliferative foreign body reaction (Kettle, 
1935; Miller & Sayers, 1934), toxicity towards leucocytes (Marks, Mason & 
Nagelschmidt, 1956) and ‘pain producing substance’ (Armstrong, Jepson, 
Keele & Stewart, 1955; Jepson, Armstrong, Keele & Stewart, 1956). These 
considerations lend support to the view that blood coagulation is an evolu- 
tionary adaptation of a more general irritability reaction as suggested by 
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Biggs & Macfarlane (1953) and Robb-Smith (1955). If, as seems possible, 
various injury reactions have their initial stages in common the relatively 
simple coagulation techniques could be used as an indicator to study certain 
aspects of such reactions. 

Further investigation of the physical properties and biological activity of 
‘foreign surface’ is in progress. For the present, such terms as ‘activation’, 
‘decay’, ‘exhaustion’, ‘contact factor’ and ‘antagonist’ are used in a purely 
descriptive sense and are not necessarily intended to imply any specific 
chemical substances or reactions. ~ 


SUMMARY 

1. Recalcified clotting time of citrated plasma is quantitatively dependent 
on the area and duration of contact with active surfaces. Contact activation 
of coagulation has also been demonstrated in partial clotting systems by the 
use of an indirect procedure in which the contact reaction was made the 
limiting factor. 

2. Evidence is presented that the phenomenon is due to the activation of 
a plasma component which is stable at 57° C but not at 60° C, is not adsorbed 
by Al(OH), and is maximally precipitated between 25 and 45%, saturation 
with (NH,),80,. 

3. Contact activation proceeds normally in haemophilic, Christmas disease, 
factor V deficient and ‘dindivan’ plasma. 

4. The induced activity declines rapidly after removal of the contact 
material, probably due to the presence of a plasma antagonist which can be 
eliminated in fractionation procedures. 

5. Continued or repeated activation results in a gradual exhaustion of 
plasma, and this may be a factor in the ageing process on storage in glass 
containers. 

6. It is suggested that surface activation may be an important aspect in a 
wider injury reaction of which blood coagulation is only one facet. 

lam greatly indebted to Dr Rosemary Biggs and Dr R. G. Macfarlane for their valuable advice 
and criticism in the course of this work, and for providing the opportunity to investigate patho- 
logical plasma samples. I also wish to thank Dr G. 8. Dawes for providing the laboratory facilities 
at the Nuffield Institute where the latter part of this investigation was carried out. 
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The exchange of diffusible substances between the aqueous humour on one 
hand, and its surrounding tissues and the blood on the other, has recently been 
the subject of many investigations. As a result the magnitude of the exchange 
across the various boundaries has been fairly well established. Interest in the 
corresponding properties of the vitreous body has been slight. This lack is the 
more important since it is now realized that diffusion into the vitreous body 
exercises a considerable influence on the analysis of the exchange of substances 
across the blood-aqueous barrier. This paper reports an investigation into the 
passage to the blood and aqueous humour of “Na injected into the vitreous 
body. In the discussion attention is concentrated particularly on the latter 
exchange and on its effect on blood-aqueous dynamics. 


METHODS 


Tracer studies. A sterile 0-9 % solution of “NaCl, generally with the addition of a little concen- 
trated fluorescein solution, was taken into a tuberculin syringe. The injection was made through a 
needle 12 mm long and 0-3 mm in external diameter. Rabbits, of mixed stock, were operated 
upon under general anaesthesia; ethyl chloride was used in the first experiments, but pentothal 
was later found to be preferable. The upper lid was retracted and the point of the needle was 
pressed against the sclera beside the superior rectus muscle and as near the equator as possible. 
The eyeball was rolled downwards by means of the needle point until the needle was perpendicu- 
lar to its surface. The syringe was rotated in the fingers, while the point was held with a gentle 
pressure against the eye until the sclera was penetrated. The needle was then directed a little 
backwards and inserted to its full length so that its tip lay centrally in the vitreous between the 
retina and the posterior pole of the lens. According to the proposed duration of the experiment 
0-01-0-02 ml. of solution was injected, and the syringe was rapidly withdrawn. In some experi- 
ments, particularly those which continued long enough for an appreciable re-entry of *Na from 
the blood into the eye to take place, a control injection of inert NaCl into the animal’s other eye 
was made, 

The experiments were of two kinds. The first were designed to measure the rate of passage of 
*Na from the vitreous body into the anterior chamber. The animal was killed at the end of a deter- 
mined period and the aqueous and vitreous humours were collected from the experimental and the 
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control eyes. The aqueous humour was first withdrawn through a narrow-gauge needle introduced 
at the limbus. A large serum needle was then introduced through the sclera and the vitreous body 
was sucked out into a syringe until 1-1} ml. were collected. The aqueous humour was weighed and 
diluted with trichloroacetic acid, and the vitreous humour was centrifuged and diluted with water 
if necessary. The radioactivity of the samples was then assayed in an F 10 liquid counter (20th 
Century Electronics). To allow for the re-entry of “Na from the blood, the activities of the aqueous 
and vitreous humours of the control eye were subtracted from those of the experimental eye. 
In the second group of experiments the amount of “Na remaining in the eye at various times 
after its injection was estimated by means of an external Geiger-Muller counter. An end-window 
counter was used (G.E.C. GM4), mounted with its axis horizontal. The conscious animal was held 
with its eye open about 3 cm directly in front of the counter window. A mirror bearing an index 
mark against which the cornea and its reflexion could be aligned served to locate the eye (Fig. 1). 


Fig. 1. Experimental arrangement for measuring activity in eye of rabbit, showing method 
of aligning eye against arrow on mirror at a fixed distance from Geiger counter (G.C.). 


A count was taken for }-3 min according to the strength of the radiation. The animal was then 
turned so that its control eye was opposite the window and a count was taken for an equal period. 
The eyes were counted alternately several times; at least sufficient counts were accumulated from 
each eye to reduce to less than 5% the standard error of the statistical variation of the difference 
between them. Each time the activity of the animal’s eye was assayed, a count was also taken from 
a drop of the injected material which had dried on filter paper and was held a fixed distance from 
the window. This acted as a reference to allow for the decay of the active material and variations in 
counter sensitivity. 

At any time, let 
I =the amount of the originally injected “Na remaining in the eye; 
B=the amount that has passed into the blood; 
R =the amount that has entered each eye from the blood; 
n =the relative efficiency for producing counts of the material in the eye nearer the counter; 
f =that of the material in the further eye; 
b =that of the material in the body. 


Then, if the experimental eye is nearer the counter, the counting rate will be proportional to 
n(J +R) +fR+bB; 

and if the control eye is nearer, to 

nR + R) +bB (Fig. 1). 

The difference between these rates is (n — f)/; this difference divided by the activity of the dried 

sample of injected solution is, therefore, a measure of J, the amount of “Na remaining in the eye. 


Conductivity. The conductivity of the aqueous humour was compared with that of the intact 
vitreous body by means of a 2-9 kc/s bridge (Mullard E7566). The electrodes were made of plati- 
num wire, varnished except for 2-3 mm at the tip which was flattened and blacked. 
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The electrodes were inserted into the vitreous body through windows cut in the sclera so as to 
cause as little disturbance as possible to the contents of the globe. In some experiments with 
rabbit’s eyes the electrodes were mounted side by side and lowered into the vitreous body together. 
In the majority of experiments, which were performed on ox eyes, the electrodes were pushed in 
from different directions at an angle of about 90° to one another. They were located in holders 
which were fixed so that there was a predetermined distance between the electrode tips of 2-10 mm. 
Comparative measurements were made on the aqueous humour from the two eyes of the same 
animal with the electrodes located in the identical position. Rabbit aqueous humours were held in 
a small glass cylindrical vessel, and those of the ox in an ellipsoidal cavity in a block of paraffin 
wax containing 2 ml. of fluid. 


RESULTS 


When fluorescein is present in the test solution, the injected volume can be 
clearly seen through the pupil. It does not mix by circulation with the mass 


of the vitreous body but spreads diffusely from its edges. The eyes showed — 


little or no reaction to the injection; the conjunctiva was not inflamed, the 
pupil was mobile, and the aqueous free from flare. In those animals where the 
control eye was untouched no difference between the two eyes was observed in 
any of these respects shortly after the injection. The amount of protein pre- 
cipitated by the addition of trichloroacetic acid to the withdrawn aqueous 
humour was generally small and about equal for the two eyes; in two cases, 
however, there was a heavy precipitate on the injected side and these were 
rejected. In two animals fluorescein was given intravenously and its penetra- 
tion into the aqueous humour on the injected and control side compared by an 
objective technique (Langham & Wybar, 1954) and found to be equal. 

The rise of pressure within the eye when given volumes of fluid are injected 
into it has been investigated by Perkins & Gloster (1957). They found that, on 
the average, a rabbit with an intra-ocular pressure of 20 mm Hg would have 
raised this to 32 mm on the injection of 0-01 ml., and to 79 mm on the injection 
of 0-02 ml. It is worthy of note that injections of 0-05 or 0-1 ml. will raise the 
intra-ocular pressure above the systolic arterial pressure, so that apart from 
any mechanical injury that might result, blood would be prevented from 
circulating in the eye for some minutes and the cells be damaged by anoxia. 
Larsson (1930), in fact, found that after injections of this volume of saline into 
the vitreous body of rabbits the pressure was very much raised for 10-20 min, 
and that permanent changes in the fundus of the eye were frequently observed. 

Vitreous-aqueous exchange. The results of these experiments are shown in 
Fig. 2, where the ratio of the concentration of “Na found in the aqueous 
humour to that found in the vitreous is plotted against the duration of the 
experiment. The points representing these ratios rise with remarkable regu- 
larity after a delay of 1 hr. From 6 hr onwards they attain a constant value of 
0-20 + 0-010 (s.e.m. 15 eyes). 

The concentration of Na in the aqueous humour of the control eye was 
about 5% of that of the experimental eye after 24 hr, and about 30% after 
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40 hr. Thereafter, the activities of the fluids were too low to give an acceptable 
standard error to their difference. 

Vitreous loss. The rate of loss of “Na from the eyes of eight animals in which 
it was"injected into the vitreous humour is shown in Fig. 3. After a period of 
less than 5 hr, during which a steady state is established, the rate of loss is 
exponential in each eye. The straight lines drawn in the figure were estimated 
visually to be the best fit to the points. Their average slope corresponds to a 
turnover rate of 1-56 x 10-* + 0-06 x 10-$ (s.z.m.) min-! in excellent agreement 
with the value of 1-55 x 10-* min-! found by Friedenwald & Becker (1955) for 
the rate of penetration of Na into the vitreous humour from the blood. 
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Fig. 2. Rise in concentration of “Na in aqueous humour after its injection into vitreous body. 
Ordinate, ratio of concentration in aqueous to that in vitreous after subtraction of values 
from control eye; abscissa, time after injection. Each point from one animal; curve calculated 
as explained in text. 

Conductivity. The measurements of the conductivity of both vitreous and 
aqueous humours were disturbed by the presence of the boundaries of the 
fluid, the sclera and lens in one case and the glass or wax receptacle in the 
other. The magnitude of this effect could be estimated by comparing the con- 
ductivity of saline when contained in the receptacle and when in a large 
beaker; the proximity of the walls generally caused a reduction of about 5%. 


_ However, the measured conductivity of both the vitreous and aqueous humours 


fell detectably below a maximum value only when the electrodes were very 
close to a limiting surface. The value of this conductivity in the vitreous was 
from 3 to 20% below that of the aqueous with a median value of 10% below. 
It is difficult to assess the accuracy of this figure, but it is probably correct to 


within 10% which is all that is required in the discussion that follows. 
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Time (hr) 

Fig. 3. Rate of loss of “Na from eye after injection into vitreous humour, measured with external 
counter, Ordinate, activity of experimental less control eye divided by standard source, in 
arbitrary units; abscissa, time after injection. Each group of points from one animal; lines 
fitted visually. 

DISCUSSION 
Geometrical and diffusional relationships 

Later in the discussion it will be necessary to assume values for some of the 

geometrical characteristics of the intra-ocular fluids. Fig. 4a is re-drawn 

from a photograph of a meridional section of a frozen rabbit’s eye (Davson, 

1953). By mensuration in the original, the volume of the vitreous body, V,, is 

1-7 ml., its area of contact with the posterior segment of the globe up to the 

base of the ciliary body, A,,, is 6-1 cm*, and the radius of curvature of this 

segment, r,, is 0-85 cm. The boundary between the posterior chamber and the 
vitreous body, A,,,, taken as the strip between the base of the ciliary body and 
the edge of the lens, is 2-5 mm wide and 1-3 cm in average diameter, or 1-0 cm?* 
in area. The volume of the anterior chamber, V,,, is 0-29 ml. and that of the 
posterior chamber, V,, is about one-fifth of this, 571. (Copeland & Kinsey, 

1950). 

At this stage, also, it will be helpful to give a short account of the present- 
day concept of the diffusional exchanges within the eye; these are shown 
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schematically in Fig. 46. Every fluid or tissue exchanges with each of the 
others with which it is in contact. In addition, fluid is secreted at a rate F by 
the ciliary body into the posterior chamber. This fluid flows round the border 
of the pupil preventing the backward diffusion of ions from the anterior to the 
posterior chamber, and drains out of the eye at the angle of the anterior 


Fig. 4. (a) Geometrical and (b) diffusional relationships in eye of rabbit. A, anterior chamber; 
m, posterior chamber; V, vitreous body; C, cornea; L, lens; J, iris; o, ciliary body; S, sclera; 
P, plasma. Double arrows represent balanced, diffusional exchanges; single arrows, secretion 
and flow of the aqueous humour. 


chamber. The loss of a substance from the anterior chamber is divided into two 
parts, that resulting from the outflow and that from diffusion across the iris 
and, to a lesser extent, the cornea. The total outflux, and its flow and diffusional 
components are conventionally expressed by transfer coefficients k,, k, and kg, 
respectively, so that: 


k,=ky+ka, (1) 
dC,,/dt = ky (C,- C,) +ka (C, (2) 
and (3) 


where C,, C,, and C, are the concentrations of the substance in the anterior 
and posterior chambers and the plasma respectively. 

Both k, and kz may be calculated by means of equation (2) if the variations 
of C,, O,, and C, with time are known. These concentrations were determined 
experimentally by Kinsey & Palm (1955) after the intraperitoneal injection of 
the *Na and thiocyanate ions. According to the calculations of Friedenwald & 
Becker (1955) a value of 0-0175 min~ for k, and about 0-027 min for k, 
resulted in both cases. From equation (3), then, the flow rate, F, is Syl. eat 

8- 


(2) 
1 om 
1 
4 
(b) 
\ | 
d 
A 
] 
n 
4 
4 
is 
1é 
18 
1é 
id 
n? 7 
ne ‘ 
it- 
m 4 


116 D. M. MAURICE 


Vitreous-blood exchange 

Just as Friedenwald & Becker (1955) found a remarkable consistency in the 
rate of penetration of “Na into the vitreous body from the blood, in these 
experiments its rate of loss from the vitreous body to the blood shows little 
variation between animals. The extreme values found for the transfer co- 
efficients have a ratio of 1-3, compared to about 2 for the blood-aqueous barrier 
(Kinsey. & Palm, 1955) and 5 for the endothelium and epithelium of the 
cornea (Maurice, 1955). This consistency suggests that there is a purely 
physical mechanism restricting the exchange, and there is the possibility that 
the mechanism is the slowness of the diffusion of Na in the vitreous body 
itself. 

This hypothesis may be checked theoretically, by supposing that the shape 
of the vitreous body is roughly that of a sphere with a concentric sector 
removed. If, then, all the resistance to the ionic exchange between the vitreous 
body and the blood lies in the former there will be no resistance at the vitreous- 
choroid surface and this surface will take up the concentration of the plasma. 
The rate at which the average concentration within a sphere comes into 
equilibrium with a constant concentration maintained at its surface is governed 
after a short initial period, by the exponential of (—7*D/r*)t, when D is the 
diffusion constant in the sphere, r its radius and ¢ the time (Carslaw & Jaeger, 
1947, p. 201). Inserting the value of r,, 0-85 cm, and for D,,, the rate of diffusion 
in the vitreous body, a value 10% below that of Na in free solution at 37° C, 
1-05 x 10-* cm? min (Adamson, Cobble & Nielsen, 1949), the exponential 
constant takes the value 0-013 min-. This is about nine times greater than the 
experimentally found value of the transfer coefficient from the vitreous humour 
to blood. 

This discrepancy could only be resolved if the resistance to diffusion of Na in 
the vitreous body was about ten times more than in free solution. This possi- 
bility is suggested by the high relative viscosity of vitreous homogenates found 
by Woodin & Boruchoff (1955). However, if this were so, the conductivity of 
the intact vitreous body should be at least five and probably ten times less 
than in the aqueous humour. No evidence of such low values was found 
experimentally and it must be concluded that the resistance to the diffusion of 

_Na in the vitreous body does not limit its exchange with the blood. 

Before an estimate can be made of the magnitude of the blood-vitreous 
barrier it is necessary to determine what proportion of the Na leaves the 


vitreous body through the alternative pathway of the aqueous humour. It will | 


be shown later that the exchange of Na by diffusion between the posterior 
chamber and the blood may be ignored. All the ions that leave the eye by this 
route, then, must pass through the anterior chamber, and their amount is 


equal to that which passes from the anterior chamber into the blood in unit 
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time, k,C,,V,. This rate of loss from the vitreous body is equivalent to a transfer 
coefficient, k,,,, given by 


Inserting the value found experimentally for C,/C,, 0-20, and the values of 
k,, V, and V, quoted earlier, a value of 0-92x10-* min- results for k,,,. 
Comparing this with the over-all transfer coefficient for the vitreous body, 
1-56 x 10-3 min-", it is seen that over half the Na leaves by way of the 
anterior chamber, and that which exchanges directly with the blood at the 
surface of the vitreous body is accounted for by a transfer coefficient, Ky, Of 
0-64 x 10-* min-?. On the assumption that it is regulated by a membrane 


which has a uniform permeability, K,,, over the entire posterior surface, of the 
vitreous body 


Ky 


From this a comparatively low value of 1-8 x 10-* cm min“ for K,,, is obtained, 
about six times less than that of the corneal endothelium, for example 
(Maurice, 1955). 

Evidence as to which structure corresponds to the blood-vitreous barrier is 
provided by the experiments of Brindley (1956) on the electrical resistance of 
the coats of the eye. He concluded that in the frog the greater part of the resis- 
tance between the inside and outside of the eye lay in the retina and, in particu- 
lar, its external limiting membrane. Extending this method to the rat 
(Brindley, private communication), he estimated that the retina as a whole had 
a resistance of 180 Qcm? of which 130 Qcm? lay in the limiting membrane. 
The pigment epithelium, choroid and sclera together had a resistance of only 
50 Qem*. If the assumption is made that the resistance of the retina is the 
same to all ions, the value 180 Qcm? corresponds to a permeability of 2-9 x 
10cm min-!. That this is of the same order as the value of K,,, for the 
rabbit, derived above, suggests that the blood-vitreous barrier lies in the 
retina and mainly in its external limiting membrane. It should be noted, 
however that the retinal vessels in the rabbit are restricted to an area of 
0-2-0-25 em?, less than 5°%, of the total posterior surface of the vitreous body. 
In animals with a more extensive retinal vascularization it may well be that 
the exchange across its capillaries is more important. 

Among previous investigations of the blood-vitreous exchange, that of 
Friedenwald & Becker (1955) has already been mentioned. Duguid, Ginsberg, 
Fraser, Macaskill, Michaelson & Robson (1947) have reported experiments, 
similar to those in this paper, in which sulphacetamide was injected into the 
vitreous body and the animal killed after a variable period of time and the 
amounts in the vitreous and aqueous humours estimated. A volume of test 
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solution of 0-1 ml. was injected which most probably caused a lasting dis- 
turbance to the eyes. They found an over-all transfer coefficient out of the 
vitreous body of 1-1 x 10-* min-', and a ratio of C,/C,, which 6~—48 hr after the 
injection varied between 0-10 and 0-45 with a median of 0-19. These figures are 
close to those found for “Na. 

The rate of exchange of a variety of substances between blood and vitreous 
humour has been measured by Davson (1955a). This rate was similar for the 
ions Na, Br and K, but rather lower for I and higher for thiocyanate. One 
substance, ethyl thiourea, had a transfer coefficient of 0-013 min, and it is 
probable that its exchange must be almost entirely limited by the resistance to 
diffusion in the vitreous body itself. 


Vitreous—aqueous exchanges 
The delay in the appearance of “Na in the anterior chamber after its 


injection, shown by the points in Fig. 2, is undoubtedly due to the slowness of | 


its diffusion in the vitreous body. An exact calculation of the appearance time 
is not feasible, but as an approximation the vitreous body may be taken as a 
flat cylinder with a radius, 1-2 cm, equal to the distance between the site of 
injection in its middle and its border with the posterior chamber. As before, 
the diffusion constant of “Na is taken to be 0-95 x 10-* cm* min-, and it is 
assumed it passes into the aqueous humour at a rate proportional to the con- 
centration at the cylindrical surface and finally attains to the steady state value 
of 0-20. The result of this calculation (Carslaw & Jaeger, 1947, p. 306) is shown 
as the curve in Fig. 2. By its agreement with the experimental points it 
supports the above assumptions, and, in particular, the value of the diffusion 
constant that has been adopted. 

The exchiange between the aqueous and vitreous humour when the steady 
state is achieved will now be analysed in some detail. The quantity of the test 
ion moving from the vitreous body into the posterior chamber will be called 
m,,, and it will be assumed to follow an equation 


“dt (C,—C,), (4) 
where g is a constant. If diffusion from the posterior chamber into the blood is 
relatively small ld 

or, by equations (3, 4), Oey (C,—C,) 
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Also, since the aqueous concentration of the test ion is virtually constant, 
FC,=V,C,k,, 


and 80 C, 


gk; 

(9 ky ) k, 

Since ky and k, are constants and C,/C,, is found experimentally to remain 
constant it follows that g also must be a constant, as previously assumed. 
Insertion of values into the equation leads to a value of 0-0078 min- for g. 

This treatment depends on the adequacy of equation (4), the form of which 
suggests that the exchange of the ion between the vitreous humour and the 
posterior chamber is limited either by a membrane or by the establishment of a 
diffusional steady state across a thicker layer of fluid. Zonular fibres of the lens 
are found in this region but no true membrane has been distinguished, and it 
is probable that a layer of vitreous is resisting the movement of Na. If it is 
assumed that there is a uniform concentration gradient across the layer which 
has a thickness d and a constant cross-sectional area A,,, it follows that: 


_¢ ), 


dt d 
so that by comparison with equation (4) 
d= 


Substituting the appropriate values for the right-hand quantities, a figure of 
4mm results for d. Since the cross-sectional area of the vitreous body has 
increased by ahout 50°%, at a level 2 mm from its interface with the posterior 
chamber, a proportionally larger value for d should be more correct. The con- 
centration gradient will, in fact, be felt to some extent at all points in the 
vitreous body and it will not be strictly linear in its anterior region. A more 
exact calculation is not feasible, however, on account of the complex shape of 
the vitreous body and the lack of detailed information as to the exchanges that 
take place at its boundaries. Nevertheless, it might be expected intuitively, 
that the greater part of the diffusion gradient would be in the anterior half of 
the thickness of the vitreous body in accordance with the conclusion of the 
calculations above. The result is, therefore, consistent with the resistance to 
the exchange being in the vitreous mass itself. 


Blood-aqueous dynamics 
In an earlier section the influence of the diffusion of Na between the chambers 
of the eye on its exchange between the blood and the vitreous humour was 
considered; attention will now be turned to its influence on the exchange 
between the blood and the aqueous humour. There is a complementary relation 
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between experiments in which “Na is introduced systemically and passes into 
the eye and those in which it is injected into the vitreous body and is lost to the 
blood. A sufficiently long time after the injection of the test ion, the diffusion 
of the unlabelled Na from the vitreous body into the anterior chamber in the 
first case should be identical with that of the labelled “Na from the vitreous 
body into the anterior chamber in the second. 

This can be illustrated by a comparison of the experimental results given in 
this paper, and those of Kinsey & Palm (1955) in which “Na was injected intra- 
peritoneally. For example, 6 hr after the injection they found that the amount 
of unlabelled Na remaining in the anterior chamber was 10% of the total Na 
(here, and in what follows, Friedenwald & Becker’s (1955) averages of Kinsey 
& Palm’s data will be adopted). rom the experiments in this paper it may 
be estimated that after 6 hr. the proportion of Na in the vitreous humour 
which has not exchanged with the blood would be 55%, of that originally 
present, and the ratio of the concentration in the aqueous to that in the 
vitreous humour would be 20%. Accordingly, the amount of unexchanged 
Na in the anterior chamber will be the product of these figures, 11%, in 
agreement with Kinsey & Palm’s figure. A long time after its systemic 
injection, then, the rate at which “Na in the anterior chamber approaches 
equilibrium with the blood will be its over-all transfer coefficient in the vitreous 
body, 0-00156 min-". 


«| 
d2 
0 t 
Time 


Fig. 5. Principle of calculation of diffusion from posterior chamber into vitreous body. 
Ordinate, concentration in posterior chamber; abscissa, time after injection. 


It is of more interest in aqueous humour dynamics to consider the exchanges 
that take place in the early stages after the injection. These can be estimated 
if it is assumed, again, that the test ion diffuses freely into the vitreous body 
across its border with the posterior chamber. Fig. 5 shows the rise in concen- 


tration of “Na in the posterior chamber. At any time ¢ the concentration 
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present is considered as being divided up into a number of smaller concentra- 
tions, ¢, Cg, ete., which have been present for periods of time A,, ,, etc. After 
contact with a constant concentration c, in the posterior chamber for a time AL 
a quantity 24,,,c,./(D,A,) of *Na will have entered the vitreous body. Similarly, 
a quantity 24.,,,cy./(D,A,) will have entered in time A, , and so on. Since the ions 
diffuse independently of one another the concentrations may be considered to 
act separately in this manner, and the total amount which will have entered in 


time ¢ 18 given by 
May = JAdC,,, (5) 


which may be obtained by graphical integration. 

The validity of this treatment can be tested using the experimental results of 
Kinsey & Palm. The rate at which “Na enters the posterior chamber from the 
blood should at all times equal the sum of its rate of accumulation, its rate of 
loss to the vitreous body, and its rate of loss to the anterior chamber. Neglect- 
ing any diffusional exchange between the blood and the posterior chamber, 
this may be written 


dC,  dm,,, 
+ FC,, (6) 


where C, is the *Na concentration of the fluid which is secreted into the pos- 
terior chamber by the ciliary body. Na is very nearly in equilibrium between 
the plasma and the posterior aqueous humour (Kinsey, 1953); the value of C, 
cannot, then, be far different from that in a dialysate of plasma. The term on 
the left-hand side of equation (6) can be derived from the curve given by 
Kinsey & Palm showing the change of the average plasma “Na concentration 
with time and the accepted value for F. The terms on the right-hand side can be 
calculated from the graph of the average value of C,, found by Kinsey & Palm. 
These are plotted together in Fig. 6, where the sum of the right-hand terms is 
also shown. Taking into consideration the uncertainties of some of the 
assumptions and the variability of the experimental results, the agreement of 
the two sides of the equation is very satisfactory. This supports, then, the 
hypothesis that there is a free exchange of Na over the interface between the 
vitreous body and the posterior chamber, and also the assumption that the 
exchange by diffusion between the blood and the posterior chamber is small 
compared with the unidirectional entry of Na in the secretion of the ciliary 
body. 

Applying this treatment to Kinsey & Palm’s data for thiocyanate leads, 
again, to a level curve for the sum of the right-hand terms of equation (6). This 
level corresponds to a value of C, about 70% of C,,, and, according to Davson 
(19555), this is close to that of a dialysate of thiocyanate in plasma. As Davson 
suggested, this indicates that thiocyanate enters by the same mechanism as 
Na. Kinsey & Palm have shown, on the other hand, that when thiocyanate 
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was repeatedly injected over 19 hr its concentration in the posterior chamber 
rose to only 61 % of that in the plasma. If this were true it would imply that it 
entered at a lower concentration than that of a plasma dialysate. It would be 
desirable to check their result before drawing any conclusions, however, for a 
steadily rising blood concentration over the hours preceding the collection of 
the sample could also lead to a relatively low concentration in the posterior 
chamber. 


24Na movement (activity in 1 I. plasma/min) 


=) 


i 


2 


0 
Time (hr) 
Fig. 6. Balance of *Na movement in posterior chamber. Ordinate, rate of movement of “Na in 


unit/min, assuming plasma concentration 1 unit/yl.; abscissa, time after injection of “Na 


intraperitoneally, Curve A, rate of accumulation in posterior chamber; B, rate of loss to 
vitreous body; C, rate of loss to anterior chamber; D, sum of A, B and C; EZ, rate of entry from 
blood. (Calculated from results of Kinsey & Palm, 1955). 


Friedenwald and Becker’s treatment 


It is clear that by including curves representing the rate of accumulation of 
the test ion in the anterior chamber, the outflow from it and the diffusion 
across the iris into it, the methods illustrated in Fig. 6 can also be applied to the 
anterior aqueous humour. Essentially, this is the same treatment employed by 
Kinsey & Palm (1955) and Friedenwald & Becker (1955) in analysing the 
combined dynamics of the 2 praca: and anterior chambers, and would lead to 
the same results. 

In the same paper, the latter authors have put forward also an ee 
mathematical theory which makes it possible to formulate the changes in con- 
centration of the test ion in the anterior or posterior chamber separately. They 
showed that the changes in the posterior chamber can be represented by an 
expression containing two negative exponential terms. These terms cor- 
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responded closely to the transfer coefficients of the test substance in the 
posterior chamber and the ‘ posterior reservoir’—principally the vitreous body 
in the case of ions such as Na which penetrate the lens very slowly (Langham & 
Davson, 1949). A third exponential term corresponding to the transfer co- 
efficient in the anterior chamber, k,, was needed to formulate the concentration 
change in the anterior aqueous humour. The experimental data of Kinsey & 
Palm for both **Na and thiocyanate were fitted adequately by these expressions. 

This treatment was based on the assumptions of a constant concentration of 
the test ion in the plasma after its injection, and of an exchange between the 
posterior chamber and the vitreous body which follows an equation of the type 
of equation (4) for short experimental periods. The authors were fully aware 
that the latter assumption could only be an approximation to the truth over 
limited experimental times. Nevertheless, the more correct expression for this 
exchange, given by equation (5) and shown in curve B, Fig. 6, closely follows 
an exponential course from 50 to 300 min. This is a necessary result of Frieden- 
wald & Becker’s treatment, and justifies their use of a constant transfer 
coefficient between the posterior reservoir and posterior chamber over this 
period. In the first half hour, however, neither of their assumptions is valid and 
it must be considered fortuitous that the posterior chamber data are fitted by a 
double exponential at this time. Accordingly, it does not follow that the more 
rapid exponential coefficient corresponds to the transfer coefficient of the test 
ion in the posterior chamber. 

Their exponential analysis for the concentration in the anterior chamber rests 
on a sounder basis and provides a valuable method of determining the true 
value of k, from the analysis of aqueous humour samples alone. These authors 
pointed out a difficulty in its application, however, as a result of the exchange 
between the aqueous and vitreous humours not declining according to a true 
exponential. The value of the transfer coefficient for the exchange between the 
posterior reservoir and the posterior chamber must be derived from the rate at 
which the concentration in the aqueous humour approaches equilibrium 3-5 hr 
after the injection. This value is rather different from that which applies from 
}-2 hr, when the exponential term containing k, is operative. This introduced 
an appreciable error in the estimate of k, which they were able to overcome 
only by using the value of the transfer coefficient obtained from the posterior 
chamber analysis. 

The treatment given in this paper suggests a way round the difficulty. 
Except for substances such as the K ion or ethyl thiourea, which penetrate 
rapidly into the lens and vitreous body respectively, the exchange between the 
aqueous and vitreous humours should, by equation (5), be proportional to 
/D,; the value of the transfer coefficient at any time should then also be pro- 
portional to ,/D,. The appropriate value for “Na, 0-0044 min-", is established 
from the analysis of Friedenwald & Becker and the diffusion constant for this 
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ion is also known. It should, therefore, be possible to calculate a value of the 
coefficient for any other substance whose diffusion rate is known, and, by apply- 
ing Friedenwald & Becker’s treatment, obtain a true value of k,,. 


SUMMARY 


1. “Na was injected into the vitreous body of rabbits, and its movement 
into the anterior chamber and its rate of loss from the eye was determined. 

2. After a few hours the ratio of the concentration of “Na in the aqueous 
to that in the vitreous humour reaches a steady value of 0-20. 

3. Nine-tenths of the *Na injected into the vitreous body is lost from the 
eye in 24hr. Of this, 60% leaves by way of the anterior chamber. 

4. All exchanges between the aqueous humour and the vitreous body can be 
explained on the basis of free diffusion across their surface of separation, and of 
almost free diffusion in the vitreous body itself. 

5. The conductance of the intact vitreous body is about 90% of that 
of the aqueous humour. This suggests that the Na ion can diffuse almost freely 
within it. 

6. The direct loss of *Na to the blood is not limited by the rate of diffusion 
in the vitreous body, but by a membrane of low permeability on its surface; 
this is probably the external limiting membrane of the retina. 

7. The influence of the vitreous body on aqueous humour dynamics is calcu- 
lated. It is concluded that both Na and thiocyanate enter in the secretion of 
the ciliary body in a concentration close to that of a plasma dialysate, and that 
there is little diffusional exchange between the blood and the posterior 
chamber. 

8. The validity of Friedenwald and Becker’s mathematical treatment of 
aqueous humour dynamics is examined and an extension of its usefulness 


suggested. 


I wish to thank Mr A. J. Cragg and Miss Paula Wood for their help in these experiments. 
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ACTIVITY IN THE DORSAL SPINAL GREY MATTER 
AFTER STIMULATION OF CUTANEOUS NERVES 


By A. FERNANDEZ DE MOLINA anp J. A. B. GRAY 
From the Department of Physiology, University College, London 
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The distribution of electrical potential in the spinal cord relative to the 
surrounding tissues has been recorded and analysed on more than one occasion 
(Campbell, 1945; Howland, Lettvin, McCulloch, Pitts & Wall, 1955). In these 
accounts the cord was activated by stimulating a dorsal root with a strong 
stimulus and the results are complex and difficult to analyse. More recently, 
Eccles, Fatt, Landgren & Winsbury (1954) have investigated the distribution 
of potential changes in the spinal grey matter after the selective excitation of 
the largest afferent fibres in muscle nerves. As a result they were able to 
define two areas of activity, one in the intermediate nucleus and the other in 
the ventral horn, and to identify the recorded potentials as being the result of 
a synchronous development of synaptic potentials in these regions; these 
synaptic potentials represented activity at the first synapses on the pathway 
from the primary afferent neurones. 

The identification, in a certain area, and under certain specific physiological 
conditions, of the activity of a group of neurones responding in a uniform 
manner has certain advantages. It enables the statistical behaviour of the 
group to be invesitgated and provides a region in which there is a high chance 
of finding single units of a particular type. It is the purpose of this paper to 
describe experiments made in the hope of identifying groups of neurones 
which respond in a specific manner to controlled stimulation of cutaneous 
nerves, and in particular to identify regions in which it would be possible to 
investigate the activity of second-order neurones on a pathway from cutaneous 
mechanical receptors. A preliminary account of this work has already appeared 
(Fernandez de Molina & Gray, 1956). » 


METHODS 
Preparations. Most of the experiments were performed on cats, whose spinal cords had been 
divided in the high cervical region and whose brains had been destroyed under ether anaesthesia ; 
these preparations were regarded as satisfactory when they exhibited good flexor reflexes to 
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cutaneous pricks and the tendon jerks were present. In a few experiments pentobarbitone 
(Nembutal, Abbott Laboratories) anaesthesia was used. The lower lumbar and sacral regions of the 
spinal cord were then exposed, and steel needles were driven through the intervertebral disks be- 
tween L3 and L4 and between L5 and L6. Nerves in one limb were prepared for stimulation, 
either by exposing them in a paraffin pool or by mounting in buried tubular electrodes; these 
nerves were usually the sural and the nerves to gastrocnemius, but in some experiments the 
saphenous and the nerves to biceps and semitendinosus and to the quadriceps were used. Light 
ether anaesthesia was sometimes required during these stages of the operation. The animal was 
next mounted rigidly in a brass frame, the steel needles through the intervertebral disks and a 
third through the intraspinous ligament of the sacrum being held in uprights. The dura was 
opened and a manipulator, which was graduated along three axes and had the two angles between 
the axes variable and graduated, was fixed rigidly to the frame above the exposed cord. 

Recording. Potentials were recorded through glass capillary electrodes, which had tip diameters 
of 1-5 and were filled with either Locke’s solution or with 10% NaCl; the latter had a resistance 
of 2-6 MQ. Contact with this electrolyte solution was made by means of a chlorided silver wire, 
which was connected to the grid of a cathode follower; this had a high input impedance and was 
connected to one side of a differential amplifier. The indifferent electrode, Ag: AgCl: NaCl- 
agar: NaCl-cotton-wool, was fitted between the skin and back muscles and connected to the other 
side of the differential recording system. The holding frame, and with it the animal, was earthed. 
The potential changes were displayed on one beam of a double-beam catholde-ray oscilloscope and 
photographed; upward deflexions indicate negativity of the micro-electrode. The lag in the whole 
system had a time constant of about 10 wsec; on occasions further high-frequency components 
were removed to improve the signal-to-noise ratio. The amplifier was direct coupled, but in most 
experiments was used with a coupling time constant of 100 msec. 

The normal procedure was to photograph superimposed on a single frame 10 sweeps repeated 
at a frequency of 10/sec; 1 sec interval was normally allowed between groups of stimuli. 

In some experiments the peripheral end of a small filament of the dorsal root was placed on 
platinum electrodes, and impulses therein amplified and displayed on the second beam of the 
oscilloscope. 

Stimulation. Stimuli were applied to the nerves through platinum wire electrodes from a 
stimulator having an output isolated from earth and of low impedance. Short shocks, usually of 
0-4 msec duration, were used. The stimulating potentials, suitably amplified, were either dis- 
played on the second beam of the oscilloscope or were mixed with and recorded with the output of 
the capillary electrode. 

Procedure. The capillary electrode was placed on a rootlet and the size of the fast fibre spike, 
resulting from stimulation of the cutaneous nerve, observed. The electrode was then moved from 
- rootlet to rootlet up and dowii the cord until the position showing the largest incoming spike had 
been found. The pia was then removed in this region. A series of tracks either perpendicular to the 
dorsal surface of the cord or at a known angle from the perpendicular, was then made into the 
substance of the cord with the electrode. The number of tracks possible in any one transverse plane 
was, however, limited, particularly in the sacral region of the cord, by the distribution of large 
vessels on the cord dorsum and by the entry of the dorsal roots. The records along any one track 
were obtained using the procedure described by Eccles et al. (1954); first the co-ordinates of the 
point of contact with the surface were recorded, then the electrode was inserted for a known 
distance and withdrawn usually in steps of 0-3 mm, records being obtained at each position; finally 
the co-ordinates of the surface point were again recorded. In regions in which the potential gradient 
was steep the distance between recording positions was sometimes reduced to 0-1 mm and even 
to 0-05 mm. At the end of a series of observations in a particular transverse plane the electrode 
was inserted into the cord and its body cut off; the co-ordinates of the point of entry were 
recorded. 

Microscopical examination. At the end of each experiment the lumbar and sacral segments of 
the spinal cord were removed and placed in 10% formol-saline. After fixation for 14 days, the 
electrodes were removed from the cord and the latter sectioned on a freezing microtome, After 
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mounting and staining suitable sections, the track, in which the electrode had been during fixation, 
could be identified without difficulty. 

Plotting results. The microscope slide was put in a projector and a considerably magnified image 
traced on to squared paper. Taking the electrode track and the dorsal surface of the cord as 
reference lines the position of each record could then be identified from the readings of the manipu- 
lators. When more than one track could be seen in a section, there was a reasonable fit between 
the calculated and actual position of the second track. 


RESULTS 

The potential changes 

When a series of records was taken from different points in a single trans- 
verse plane of the spinal cord and an ipsilateral cutaneous nerve stimulated 
at various strengths, a characteristic pattern of potential change was obtained. 
This pattern was essentially the same whether the sural nerve was stimulated 
and the records obtained from the L7-S1 region of the cord or the saphenous 
nerve was stimulated and the records obtained from the L6 segment. It was 
possible to return to a precise point in any track and to obtain a record that 
agreed with the original record from that point. Such consistency was not, 
however, as regularly obtained on returning to a track after other tracks 
lateral to it had been made; it seemed likely from the results that these more 
lateral tracks were liable to damage too many incoming fibres. Reflex move- 
ments were only seen with the larger stimuli. 

The pattern seen in such an experiment was made up of four deflexions, 
each of which had a characteristic time course and distribution. The first 


deflexion that could be seen when recording from the dorsal part of the cord — 


was an action potential in the incoming primary sensory fibres (8 in Fig. 1). 
This action potential consisted ofa positive followed by a negative deflexion 
(e.g. Fig. 5a). In-certain parts of the cord, the sensory fibre potential was 
followed by another negative deflexion (I in Fig. 1), which reached a peak in 
less than 1 msec after the negative peak of the action potential. This deflexion 
will be called the first phase of activity. It was succeeded, or where it did not 
occur the action potential was succeeded by a much larger negative deflexion 
that had a peak 1-3 msec after the negative peak of the incoming spike; in 
Fig. 1 this phase (IT) appears small because of the position from which the record 
was obtained. This was the most prominent feature all over the dorsal part of 
the cord, and it could be seen to have the same time course as the positive 
defiexion that occurred in the ventral regions. This deflexion will be called the 
second phase. A third phase could also be seen under suitable conditions 
(IIT in Fig. 1); it had a still slower time course, reaching its peak at about 
8-12 msec after the negative peak of the spike. 

These deflexions, the incoming volley followed by the three phases of 
activity, can be distinguished by their individual time courses, their distribution 
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and by other factors. It is not being argued that each phase represents a 
particular and only one form of nervous activity, but it is claimed that they 
represent distinct phenomena, which are capable of individual description. 
In some experiments the distribution of activity resulting from stimulation of 
the low threshold afferents in one of the nerves to gastrocnemius was recorded. 
These results, which showed rapid potential changes in the intermediate 
nucleus and ventral horn, were essentially the same as those found by Eccles 
et al. (1954) in the sixth lumbar segment in response to stimulation of the 
nerves to various thigh muscles; such differences as appeared were probably 
due to spike activity appearing in these unanaesthetized preparations. 


Fig. 1. Records from different experiments to show, 8 the afferent volley, and I, II and III the 
three phases of cord activity. Time, msec; voltage calibration 100 .V. In the upper two 
records the deflexion on the left is a record of the stimulus (calibration does not apply). Super- 
imposed records (see Methods). 


The incoming nerve volley 

In the dorsal root. Action potentials, made monophasic by crushing the 
nerve, were recorded from the dorsal roots and these showed a series of peaks 
and discontinuities which were consistent from animal to animal ; two examples 
of typical dorsal root volleys can be seen in Figs. 2 and 7, in which the peaks 
are marked with letters. Rough estimates of conduction velocity could be 
obtained from experiments such as those illustrated, by measuring the time 
between the stimulus and the spike. One experiment was, however, per- 
formed to obtain a better estimate of conduction velocity; in this experiment 


the afferent volley was recorded both in the sural nerve and in the dorsal root, 
9 PHYSIO, CXXXVII 
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and after the experiment the whole nerve was dissected out and the inter- 
electrode distance measured. Velocities obtained in this experiment from 
measurements of the times from the peak of the action potential in the sural 
nerve to the successive peaks of the dorsal root action potential were a 68, b, 59 
c 58, d 47, e 41 m/sec. These values remained consistent throughout the many 
observations made in this experiment. A peak having an apparently more 
variable conduction velocity of about 27 m/sec followed and this was succeeded 
by yet another peak which was consistent and relatively large; it had a 
conduction velocity of 19 m/sec. Velocities below 10 m/sec were not con- 
sidered. The results obtained from this experiment agreed well with the rough 


estimates obtained in other experiments from a measurement of stimulus to | 


spike times. | 
_ In the cord. The incoming nerve volley could be traced from the dorsum of 
the cord downwards, getting smaller and later until in the middle of the grey 
matter it could no longer be seen. It appeared as a small positive deflexion 
followed by a larger negative one (Fig. 5a). Since the record was being 
obtained from a complex volume conductor it may be concluded that during 
the negative phase there was activity in the region of the electrode tip. This 
was therefore used as a reference time from which others were measured. A 
third, positive, phase to the potential complex might have been expected, 
particularly in the more dorsal regions of the Cord, as it is clear that some 
axons must pass through this region towards the central grey matter; however, 
the end of the action potential became confused with the rising limb of the 
next phase of activity; in some records this positivity does seem to be present 
(Fig. 36). 

In contrast to the limited distribution, in the cord, of afferent impulses of 
cutaneous origin, impulses in large afferent fibres from muscles could be 
traced to the ventral limits of the grey matter (cf. Eccles et al. 1954). 


The first phase of activity 

Time course. The potential started 0-25-0-4 msec (6 cats) after the peak of 
the negative phase of the incoming spike and its rising time was 0-4-0-5 msec 
(5 cats); in one cat the rising time was 0-7 msec. The rate of fall was usually 
difficult to determine because of the appearance of the second phase of activity ; 
such part of it as could be seen, however, had a relatively rapid rate of fall, 
only slightly slower than the rate of rise. Fig. 2 shows a record of this phase 
taken on a fast sweep. A record of:the potential change in the intermediate 
nucleus of the first sacral segment in response to stimulation of the nerve to 
gastrocnemius is shown in Fig. 3a. Fig. 36 is a record on the same time scale, 
which was obtained in the same segment of the same cord, though not at tle 
same point, as Fig. 3a in response to stimulation of the sural nerve. It will be 
seen that the time course of the incoming spike and the rising part of the first 
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phase of activity are the same as those of the response to muscle nerve 
stimulation. 


/ ‘Fig. 2. First phase. Top beam: afferent volley in dorsal rootlet and time (msec). Bottom beam: 
on the left, a record of the stimulus (no calibration); on the right, the cord potentials. Letters 
on spike refer to deflexions used in conduction velocity measurements; 8, afferent volley; 
I and II, phases of activity. Calibration bar applies to both beams; top beam 160 ,V, 
bottom beam 50 4V. Record taken 1-9 mm from surface, 0-5 mm from mid line. 


Fig. 3. a, Response of the intermediate nucleus to stimulation of low threshold afferents in the 
nerve to gastrocnemius. 6b, Response of the region of the internal basilar nucleus to stimulation 
of low threshold afferents in the sural nerve. Both records taken under identical conditions 
in the same transverse plane. Time msec; calibration 50 »V; 8, afferent volley; I and II, 
phases of cord potential. 


Distribution. The general distribution, in the cord, of the first phase of 
activity is shown in Fig. 4a. This potential was easily identified in the more 
| medial parts of the grey matter, somewhat dorsal to the central canal. This is 
the region of the internal basilar nucleus. The dorsal and lateral limits of the 
distribution were difficult to define, because in these directions the second 
phase of the potential became large and the first phase tended to merge into 
the rising phase of the second. It does seem certain, however, that this phase 
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did not occur in the more dorsal and lateral parts of the dorsal horn. The cross 
in Fig. 4a indicates the point at which the largest response to stimulation of 
the lowest threshold afferents in the nerve to gastrocnemius was observed. 


7 i i + 


Fig. 4 Fig. 5 
Fig. 4. Distribution of phases of cord potential, all ipsilateral. a, Shading, phase I; x , centre of 
response to activity of large muscle afferent fibres. 6, Second phase: double cross-hatching 
marks largest potential changes; all points in the dotted region showed potential changes 
less than half the smallest response in the double cross-hatched zone. Ventral to the dotted 
_ line responses were positive. The lateral columns were not explored. Bar, approx. 1 mm. 


Fig. 5. Second phase. At the left of each trace is a record of the stimulus (no calibration), on the 
right the response in the cord. a, 0-3 mm from surface; 6, at the optimum point for phase II, 
1-8 mm from surface; c, in the ventral grey matter 2-4 mm from surface. Calibrations, top 
(applies to a and c), 100 nV; bottom, applies to 6, 400 nV. Time msec. Track, 0-9 mm from 
mid line. 


The second phase of activity 

Time course. When recorded from the point at which it was largest, this 
potential change started 0-25-0-4 msec after the negative peak of the incoming 
impulse volley, and then rose to reach its peak some time between 1 and 
3 msec after the peak of the spike. During this period the top of the wave 
form was relatively flat; the exact time of the highest point depended to 
a great extent on the distribution, in any particular record, of the spike 
activity which could be seen on top of the slower wave. The rate of decline 
was slower than the rate of rise, the potential returning to its resting level 
about 4-8 msec after the peak of the spike. A record of this phase of activity, 
recorded from the point at which it was maximal, is shown in Fig. 5b. As the 
distance from the optimal point was increased, the potential change decreased 
in amplitude and rate of rise; this is illustrated by a record (Fig. 5a) obtained 
from the surface of the cord at the end of the same track as that from which 


Fig. 5b was obtained. The same decline can be seen in other figures, which 
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have been selected to show phase I and which in consequence were recorded at 
some distance from the optimum point for phase II (Figs. 1, 2, 36, 7 and 10). 

Distribution. The second phase could be recorded as a negative deflexion 
at almost any point in the dorsal part of the grey matter. A positive de- 
flexion (Fig. 5c), having the same time course as this negative deflexion, was 
found in the ventral grey matter whenever the second phase was present, and 
can be assumed to result from the same activity. In any one track the potential 
gradient was found to be particularly steep in the region in which the recorded 
potential change reversed. When the point of reversal was marked for each 
track on a plan such as Fig. 46, it was found that they formed a more or less 
straight line running across the grey matter in an approximately horizontal 
plane at the bottom of the dorsal horn. This line is dotted in on Fig. 4b. The 
‘point’ of reversal represented a very small area of grey matter, but it was 
possible to see that the later parts of the second phase reversed slightly ventral 
to the earlier parts. Fig. 46 also shows the general distribution of the negative 
part of this phase. It will be seen that there is a fairly sharp peak towards the 
lateral margin of the dorsal horn, but that a potential change of the same time 
course can be seen throughout the dorsal horn and across the white matter of 
the dorsal columns. 


The third phase of activity 

A third phase of activity can be seen in Fig. 1. This phase started before the 
end of the second phase of activity and reached a peak between 8 and 12 msec 
after the afferent spike (Fig. 6). Its rate of fall was somewhat slower than the 


rate of rise. The distribution of this phase has not been investigated fully; in 


general it was seen at a maximum at the level at which the potential of the 
second phase reversed and in a position somewhat medial to the maximum of 
the second phase. The polarity of the potential change caused by the third 
phase of activity reversed at a level ventral to that at which the second phase 


Fig. 6, Third phase. 8, afferent volley; II and III, phases of cord potential. Time, 10 msec; 
calibration 100 pV. Record 1-8 mm from surface, 0-5 mm from mid-line. 
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reversed. The amplitude of this phase became smaller towards the dorsum of 
the cord and was very small at 1 mm below the surface. A more complete 
account of the distribution of this phase has recently been published by 
Coombs, Curtis & Landgren (1956). 


Relation to size of afferent volley 
Fig. 7 illustrates the results of an experiment in which the stimulus strength 
was increased in small steps from zero. In this figure the stimulus, the afferent 
volley, and the cord potential are all displayed. In the top record both the 
first and second phases are present; in most experiments the two phases 
appeared at the same stimulus strength, but sometimes the first phase could 
be seen with a slightly smaller stimulus. The second record shows that both 


Fig. 7. Stimulus strength. In all records: top beam, afferent volley in dorsal root (calibration, 
300 nV; time msec; bottom beam, on the left record of stimulus, on the right the cord 
potentials (cal. 100 .V). Letters on spike refer to deflexions used in conduction velocity 
measurements; 8, afferent volley; I and II phases of activity. r, s, t, different values of 
stimulus strength. Records obtained 1-9 mm from surface, 0-2 mm from mid line. 


phases had reached a considerable size, even though the afferent volley was 
small and apparently included only the spikes of those fibres having conduc- 
tion velocities greater than 50m/ sec. The third record was obtained with a 
larger afferent volley; the first phase of the cord potential appears to be the 
same size as in the previous record, though it is obviously difficult to be certain 
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how much allowance must be made for the rising part of the second phase; 
the latter has increased in size by a small amount. 

The results of three experiments of this type are shown graphically in Fig. 8. 
In two experiments the rate of increase in cord potential amplitude with 
afferent volley area is clearly greater for phase I than for phase II. All 
measurements of the amplitude of phase I were bound to be inaccurate since 
the first phase was always mixed with the second and it therefore seemed 
pointless to carry out a large series of such experiments. The results as pre- 
sented in Figs. 7 and 8 do, however, show that the greater parts of both the 
first and second phases of the cord potential result from activity in the lower 
threshold fibres coming from the skin. The third phase was activated by 
afferent fibres having a high threshold; this is not easily shown by a plot 
against afferent spike area, which is relatively little affected by the appearance 
of small slow spikes, but is clear in Fig. 9, in which amplitude of cord potential 
is plotted against stimulus strength. It is quite clear from this figure that the 
afferent fibres involved in the activation of phase III are much smaller than 
those that contribute to the first and second phases. 


Effect of repetitive stimulation 

The main purpose of investigating the effects of repetitive stimulation was 
to obtain evidence that would help to identify the site of the recorded cord 
potentials, and in particular to control that the first phase was not due to 
activity in primary afferent neurones. The experiment was performed in a 
number of ways, one of which is illustrated in Fig. 10. Each record consists of 
a number of superimposed traces. The top two records were taken with the 
individual traces, and so the stimuli, repeating at 10/sec; the second pair 
were taken at a frequency of 100/sec. As every burst of stimulation lasted for 
1 sec the top records consist of 10 superimposed traces each, while the middle 
pair consist of 100; in all instances there was a pause of 1 sec between bursts. 
The middle pair of records were both the third of a series of records taken at 
this frequency; further stimulation at 100/sec for each alternate second caused 
some further reduction in the amplitude of the potentials. It can be seen that 
this increase in repetition rate reduced the amplitude of the first phase and 
reduced that of the second phase even more. There was also a slight reduction 
in amplitude of the afferent spike when recorded in the cord though not when 
recorded in the dorsal root; this may be due to blocking of certain fibres at some 
region of low safety factor, e.g. bifurcations. Fig. 11. shows even more clearly 
that the first phase of the cord potential is much reduced, when there is little 
effect on the size of the afferent volley. Fig. 11 illustrates the phase 1 responses 
to single test shocks (the superimposition was done after the experiment) at 
different intervals after stimulating at 100/sec for 1 sec. The figure also shows 
that there is some post-tetanic potentiation of this phase at 1 sec. This was 
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a repeatable observation, but one experiment, designed to show the whole time 
course of post-tetanic potentiation after stimulation for 10 sec at frequencies 
of 250 and 100/sec, showed no definite change. This one experiment did, how- 
ever, show a large post-tetanic increase in spike height; it was measured in the 
cord at a point near the ventral limit of recordable spike activity. This result 
is interesting in the light of the description by Brown & Holmes (1956) of 
post-tetanic enhancement of the spike in non-myelinated fibres. 
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Fig. 8. Relations of amplitude of cord activity (ordinate) to area of afferent volley (abscissa); 
values as % of largest. Symbols indicate mean values for a number of runs in each of three 
experiments. a, phase I; b, phase II. 
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Fig. 9. Relations of amplitude of cord activity (ordinate) to stimulus strength (abscissa) ; 
Value as % of largest. x, phase II; O, phase III. 


Effect of barbiturates 
Pentobarbitone sodium given in doses of 30 mg, and sometimes repeated 
at 5 or 10 min intervals for up to four doses, decreased the size of the cord 
potentials, affecting the later parts more than the earlier. The effect was secn 
much more dramatically when a high frequency of stimulation was used; 
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Fig. 10. Effects of repeat frequency and barbiturates. Top beams, afferent volley in dorsal root 
(calibration 320 uV, time, msec); bottom beams, cord response. a, ¢, and e, to show first 
phase (calibration 25 »V); 6 and d, to show second phase(calibration 100 pV). a and b, 10/sec; 
c and d, third photograph at 100/sec; 50/sec after pentobarbitone (total dose 60 mg during 
10 min). Records obtained 1-9 mm from surface, 0-2 mm from mid line. 


7 


Fig. 11. Effectsof aiga-frequency conditioning. All records single sweeps d by tracing. 
a, control, remainder after 1 sec of stimulation at 100/sec. Intervals after ‘last stimulus of 
conditioning burst; b, 1 sec; c, 100 msec; d, 10 msec; time, msec. 8, afferent volley; I and 
II phases of cord potential. Records obtained 2-1 mm from surface, 0-4 mm from mid line. 
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this can be seen in Fig. 10e, a record which was taken with a frequency of 


50/sec, and which should be compared with Fig. 10c, a record taken at a 
frequency of 100/sec but before pentobarbitone. 


Occlusion 

Simultaneous maximal stimulation of two branches of the sural nerve 
caused responses in the spinal cord that were smaller than the sum of the 
responses obtained by separate stimulation of the two branches. Such results 
were obtained in several runs on two cats both for phases I and II. Typical 
figures for phase I were, in arbitrary units, A=10, B=24, A+ B=26 and 
A=15, B=40, and 4+B=40; for phase II typical figures were A=30, 
B=82, A+B=86 and A=29, B=66, and A+B=75. It is clear that for both 
phases there is a high degree of occlusion which, in some instances appears 
complete. 

Attempts to demonstrate facilitation between branches of the sural nerve 
failed, probably because the noise level was such that it was difficult to 
measure very small responses. 


DISCUSSION 


Impulses in those afferent nerve fibres from muscle that have the low 
threshold can be recorded from all parts of the cord, and activity in second- 
order neurones can be identified in the intermediate and ventral horn nuclei 
(Eccles et al. 1954). On the other hand, impulses in primary neurones from 
the skin cannot be recognized except in the dorsal part of the grey matter and 
it is only in this part of the cord that the incoming volley is followed by negative 
potential changes. These results suggest that at least the great majority 
of primary afferent fibres originating in the skin form synapses with their 
secondary neurones in the dorsal part of the grey matter. 

The first phase of the cord activity is depressed by repetitive activity and 
barbiturates and exhibits occlusion. It is therefore concluded that this poten- 
tial results from the activity of post-synaptic structures; the time course of the 
change and its similarity to comparable potentials evoked in the intermediate 
and motor nuclei by stimulating group 1 A muscle afferents suggests that only 
one synapse is involved (Lorente de Né, 1939; Brock, Coombs & Eccles, 1952; 
Eccles et al. 1954), Such a view is also supported by the fact that this phase 
resists repetitive activity and barbiturates better than the second phase, a 
fact which suggests that fewer successive synapses are involwed. The afferents 
that set up this response include the largest from the skin. There is no direct 
evidence on the distribution of the axons of the excited cells; it is however, 
interesting to note the region in which this potential change has been found 
is the one in which anatomical studies have revealed the cell bodies of fibres of 
the spino-cerebellar tracts. 
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The second phase of activity also shows occlusion, and is depressed by 
repetitive firing and by barbiturates in a way that suggests post-synaptic 
activity. This phase of activity appears to be identical with the N1 potential 
described by Bernhard (1952) in records taken from the cord dorsum; his 
recording conditions were thus the same as those for the last point in each 
track of our experiments. It is therefore concluded that phase II represents 
activity in second or subsequent order neurones; that some of this activity 
is in second-order neurones is suggested by the short latencies observed. As 
the negative potentials in the dorsal horn are paralleled by positive potentials 
in the more ventral regions of the cord, it seems probable that the positive 
potentials recorded result from currents flowing from axons, whose cell bodies 
lie in the dorsal horn; it is worth noting that the same distribution of current 
was observed even at the smallest stimulus strengths when only a small 
number of units were active. 

It would seem then that the potential changes, which we have called 
phase II, are due to the activity of neurones, whose cell bodies and dendrites 
are situated in the dorsal grey matter, whose axons pass into the ventral grey 
matter and which are excited by activity in a group of primary afferent fibres 
from the skin that have a conduction velocity greater than 50 m/sec. It is 
likely that the observed activity consists of both impulses and synpatic 
potentials; the positive potentials of the ventral region suggest that the 
synaptic potentials occurring synchronously predominate over the asynchro- 
nous impulses. It is not possible to define the limits of the region in which 
synaptic activity occurs, since in a volume conductor there will be some current 
flow outside the active region. 

The large afferent fibres, whose activity is responsible for phases I and IT, 

must mostly come from sensory units that respond to mechanical stimulation 
(Zotterman, 1939; Maruhashi, Mizuguchi & Tasaki, 1952). The regions in 
which the greatest phase I and phase II potentials were found thus represent 
regions in which second-order nuerones on a pathway from mechanically 
sensitive receptors may be found. 
_ Since this manuscript was first drafted a paper has appeared by Coombs 
et al. (1955), which includes a section on the responses of the dorsal grey matter 
to volleys from cutaneous nerves. Their findings in as far as the two papers 
overlap are in agreement with ours. One difficulty of terminology does, how- 
ever, arise; they do not describe our first phase, and their first phase cor- 
responds to our second and their second to our third. 
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this can be seen in Fig. 10¢, a record which was taken with a frequency of 
50/sec, and which should be compared with Fig. 10c, a record taken at a 
frequency of 100/sec but before pentobarbitone. 


Occlusion 

Simultaneous maximal stimulation of two branches of the sural nerve 
caused responses in the spinal cord that were smaller than the sum of the 
responses obtained by separate stimulation of the two branches. Such results 
were obtained in several runs on two cats both for phases I and II. Typical 
figures for phase I were, in arbitrary units, A4=10, B=24, A+ B=26 and 
A=15, B=40, and 4+B=40; for phase II typical figures were A=30, 
B=82, A+B=86 and A=29, B=66, and A+B=75. It is clear that for both 
phases there is a high degree of occlusion which, in some instances appears 
complete. 

Attempts to demonstrate facilitation between branches of the sural nerve 
failed, probably because the noise level was such that it was difficult to 
measure very small responses. 


DISCUSSION 


Impulses in those afferent nerve fibres from muscle that have the low 
threshold can be recorded from all parts of the cord, and activity in second- 
order neurones can be identified in the intermediate and ventral horn nuclei 
(Eccles e¢ al. 1954). On the other hand, impulses in primary neurones from 
the skin cannot be recognized except in the dorsal part of the grey matter and 
it is only in this part of the cord that the incoming volley is followed by negative 
potential changes. These results suggest that at least the great majority 
of primary afferent fibres originating in the skin form synapses with their 
secondary neurones in the dorsal part of the grey matter. 

The first phase of the cord activity is depressed by repetitive activity and 
barbiturates and exhibits occlusion. It is therefore concluded that this poten- 
tial results from the activity of post-synaptic structures; the time course of the 
change and its similarity to comparable potentials evoked in the intermediate 
and motor nuclei by stimulating group 1 A muscle afferents suggests that only 
one synapse is involved (Lorente de Né, 1939; Brock, Coombs & Eccles, 1952; 
Eccles et al. 1954). Such a view is also supported by the fact that this phase 
resists repetitive activity and barbiturates better than the second phase, a 
fact which suggests that fewer successive synapses are involved. The afferents 
that set up this response include the largest from the skin. There is no direct 
evidence on the distribution of the axons of the excited cells; it is however, 
interesting to note the region in which this potential change has been foun’ 
is the one in which anatomical studies have revealed the cell bodies of fibres of 
the spino-cerebellar tracts. 
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The second phase of activity also shows occlusion, and is depressed by 
repetitive firing and by barbiturates in a way that suggests post-synaptic 
activity. This phase of activity appears to be identical with the N1 potential 
described by Bernhard (1952) in records taken from the cord dorsum; his 
recording conditions were thus the same as those for the last point in each 
track of our experiments. It is therefore concluded that phase II represents 
activity in second or subsequent order neurones; that some of this activity 
is in second-order neurones is suggested by the short latencies observed. As 
the negative potentials in the dorsal horn are paralleled by positive potentials 
in the more ventral regions of the cord, it seems probable that the positive 
potentials recorded result from currents flowing from axons, whose cell bodies 
lie in the dorsal horn; it is worth noting that the same distribution of current 
was observed even at the smallest stimulus strengths when only a small 
number of units were active. 

It would seem then that the potential changes, which we have called 
phase IT, are due to the activity of neurones, whose cell bodies and dendrites 
are situated in the dorsal grey matter, whose axons pass into the ventral grey 
matter and which are excited by activity in a group of primary afferent fibres 
from the skin that have a conduction velocity greater than 50 m/sec. It is 
likely that the observed activity consists of both impulses and synpatic 
potentials; the positive potentials of the ventral region suggest that the 
synaptic potentials occurring synchronously predominate over the asynchro- 
nous impulses. It is not possible to define the limits of the region in which 
synaptic activity occurs, since in a volume conductor there will be some current 
flow outside the active region. 

The large afferent fibres, whose activity is responsible for phases I and II, 

must mostly come from sensory units that respond to mechanical stimulation 
(Zotterman, 1939; Maruhashi, Mizuguchi & Tasaki, 1952). The regions in 
which the greatest phase I and phase II potentials were found thus represent 
regions in which second-order nuerones on a pathway from mechanically 
sensitive receptors may be found. 
_ Since this manuscript was first drafted a paper has appeared by Coombs 
et al. (1955), which includes a section on the responses of the dorsal grey matter 
to volleys from cutaneous nerves. Their findings in as far as the two papers 
overlap are in agreement with ours. One difficulty of terminology does, how- 
ever, arise; they do not describe our first phase, and their first phase cor- 
responds to our second and their second to our third. 
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SUMMARY 

1. Electrical activity in the spinal cord, resulting from stimulation of 
cutaneous nerves, has been recorded with extracellular capillary electrodes. 

2. The afferent volley resulting from stimulation of a cutaneous nerve was 
seen only in the dorsal grey matter, while volleys from muscle nerves could be 
seen also in the ventral part of the cord. 

3. The afferent volley was followed by three phases of potential change. 

4. The first phase reached a peak in less than 1 msec from the afferent spike, 
was set up as a result of activity in the lowest threshold afferents and was 
found in the region of the internal basilar nucleus. 

5. The second phase reached a peak after a delay of 1-3 msec, was greatest 
in the lateral part of the dorsal horn and resulted from stimulation of the 
lowest threshold cutaneous afferents; a positive potential of the same time 
course occurred in the ventral grey matter. 

6. A third phase which only appeared with bigger stimulus strengths had 
a slower time course. 

7. The effects of repetitive stimulation and barbiturates are described. 
Occlusion between branches of the sural nerve was found for both phases I and IT. 

8. It is concluded that phase I represents post-synaptic activity in second- 
order neurones and that phase II represents post-synaptic activity some of 
which could be in second-order neurones. The regions in which these phases 
are found thus represent areas in which second-order units on a pathway from 
cutaneous mechanical receptors may be found. 


This work has been assisted by a grant to one of us (A. F.deM.) from the Consejo Superior de 
Investigaciones Cientificas, Spain. 
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EFFECTS OF NORADRENALINE AND ADRENALINE ON THE 
ATRIAL RHYTHM IN THE HEART-LUNG PREPARATION 
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From the Department of Pharmacology, University of Oxford 
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Experiments have been carried out previously with the heart-lung preparation 
of the dog, in which the effects of infusing acetylcholine (ACh) at a constant 
rate were determined. These effects included slowing of the pacemaker, pro- 
duction of A~V block, and, when electrical stimuli were applied to the tip 
of the right atrium, atrial fibrillation (Burn, Vaughan Williams & Walker, 
1955a). We describe in this paper the effect of infusing noradrenaline and 
adrenaline. We have determined their effect on the onset of A~V block when 
the right atrium was stimulated at increasing rates, and we have also investi- 
gated their effect on the rhythm after a period in which the atrium was 
stimulated at a high rate. Finally, we have explored their action on the 
production of atrial fibrillation by stimulating the atrium at a high rate during 
the infusion of ACh. 
METHODS 


The heart-lung preparation was set up as described by Knowlton & Starling (1912), using heparin- 
ized blood. ACh and adrenaline or noradrenaline were infused from burettes out of which the 
solution was displaced by liquid paraffin under constant air pressure. The solutions entered the 
tube carrying the blood from the venous reservoir to the superior vena cava, through a needle in 
the tube. The infusion could be maintained constant at any rate from 0-1 to 2-0 ml./min. Electrical 
stimulation was applied to the tip of the right atrium by electrodes held in contact with the upper 
surface by a spring clip; the electrodes caused a minimum of trauma. The stimuli were square 
wave pulses of 1 mA strength and 0-9 msec duration. To produce fibrillation during the infusion 
of ACh they were applied at a rate of 750/min and usually for a period of 1 or sometimes 2 min, 
though the duration was not important (Burn, Gunning & Walker, 1956). 


RESULTS 
Effect of adrenaline and noradrenaline on block. The right atrium was 
stimulated at increasing rates to determine the maximum rate at which all 
atrial beats were transmitted to the ventricles. Stimulation was then con- 
tinued at progressively higher rates in order to record the course of the fall in 
the ventricular rate until it became half the atrial rate. The stimulation was 
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stopped, and after a minute or two was begun again at a low rate to see the 
effect of increasing rates for a second time; little difference was observed. 
Adrenaline or noradrenaline was then infused into the blood entering the 
cannula in the superior vena cava, the rate of infusion being kept constant by 
regulation of a fine-adjustment tap. Stimulation at increasing rates was then 
resumed, and it was found that the maximum rate to which the ventricles 
responded without missed beats was higher. Details of one experiment are 
given in Table 1, which shows that the infusion of 5 ug noradrenaline/min 
raised the maximum rate from 217 to 273/min, and raised the rate at which 
the ventricular rate fell to half the atrial rate from 257 to 334/min. This effect 
persisted for some time after the infusion of noradrenaline was stopped, 


Tasz 1. Effect of adrenaline and noradrenaline on A-V block 
Maximum rate of Minimum rate of 
driving at which driving at which 
ventri followed the ventricular rate 


every impulse was half the atrial 
(rate/min) rate (rate/min) 
ist control 227 270 
2nd control 217 257 
Noradrenaline, 5 ug/min 273 334 
3rd control 240 278 
Adrenaline, 5 »g/min 273 342 


presumably because the noradrenaline was not immediately destroyed. Table | 
shows that when adrenaline was infused, also at 5 wg/min, it raised the maxi- 
mum rate to exactly the same point. Very similar results were obtained in 
two other experiments. In one of these atropine was injected at the beginning; 
in this experiment also the maximum rate was raised by the infusion of 
adrenaline from 290 to 342/min. 

Arrhythmias produced by adrenaline. Having observed that when the atria 
were stimulated during the infusion of ACh, the normal rhythm gave place to 
fibrillation, we wished to see what changes in the normal rhythm would occur 
when stimulation was applied during the infusion of noradrenaline or adrena- 
line. Adrenaline or noradrenaline was infused at rates varying from 10 to 
100 g/min, and the atria were stimulated at 750/min for 2 min during each 
infusion. In all, fifteen experiments were carried out. Whereas the effect of 
stimulation during the infusion of acetylcholine was to produce fibrillation in 
every experiment, its effect during the infusion of noradrenaline or adrenaline 
was unpredictable. In eight of the experiments stimulation had no persistent 
effect; when it ceased the rhythm was observed to be normal. In seven experi- 
ments, however, stimulation produced an arrhythmia which continued after 
the stimulation stopped, and sometimes continued after the infusion of 
adrenaline or noradrenaline was stopped. An example is shown in Fig. 1. In 
this experiment adrenaline was infused at 10 wg and then at 15 and 20 yg/min. 
Stifaulation at a rate of 750/min was applied for 30 sec during the infusion 
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In each case the rhythm after stimulation remained as before. Adrena- 
line was then infused at the rate of 25 ug/min. The e.c.g. record in Fig. la 
shows @ normal rhythm at the rate of 216/min. The T waves were large. 
Stimulation was applied to the atrium at the rate of 750/min for 30 sec. After 
the stimulation was stopped, the rhythm was irregular, as shown by the 
record of the blood pressure in the aorta, and the e.c.g. in Fig. 16 showed a 
tachycardia in which there appeared to be a nodal rhythm. The R waves were 
326/min, and the P waves seemed to be 612/min though this was uncertain. 
The adrenaline infusion was continued for 4 min and was then stopped; 5 min 


later the arrhythmia ceased and a normal rhythm at the rate of 201/min 
returned. 


Fig. 1. Electrocardiograph records. a, normal rhythm during the infusion of adrenaline at 
25 pg/min; heart rate 216/min. b, record after electrical stimulation of the atria for 30 sec at 
750/min; the R. waves were 326/min and the P waves appeared to be 612/min. 


This was the one occasion in this experiment in which stimulation during 
the adrenaline infusion caused arrhythmia. For when subsequent infusions 
of adrenaline at the rates of 20, 25, 30, 40, 50, 68, 85 and 100 yg/min were 
given, and stimulation was applied during each infusion, there was no 
arrhythmia when the stimulation ceased. 

Effect of acetylcholine on the tachycardia. In some experiments the arrhythmia 
appeared on the e.c.g. as a rapid succession of R waves with very few 
signs of P waves. In others the e.c.g. picture was difficult to distinguish from 
that of flutter. Thus Fig. 2 shows e.c.g. records in an experiment in which 
noradrenaline was infused at the rate of 5 u.g/min. When stimulation was 
applied for 30 sec during this infusion it caused an arrhythmia which persisted 
after the infusion was stopped. It is seen in Fig. 2c, in which the P waves 
appear at 590/min and the R waves at 210/min. Although this e.c.g. resembled 
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that of flutter, such a condition never changed to fibrillation. This was in 
contrast to flutter seen after stimulation during the infusion of ACh, which 
always became fibrillation when the rate of infusion was increased. 


Fig. 2, a, normal e.c.g.; 6, taken during the infusion of noradrenaline at 5 pg/min; c, after 
stimulation of the right atrium for 30 sec; P waves 590, R waves 210/min; d, during infusion 
of ACh at 0°75 mg/min; this caused fibrillation; ¢, after the infusion of ACh was reduced 
to 0-45 mg/min; the normal rhythm was restored. 

The flutter-like condition could, however, be changed to fibrillation when 
ACh was infused. After the condition seen in Fig. 2c had continued for 10 min, 
ACh was infused at the rate of 0-75 mg/min. The arrhythmia became fibril!a- 
tion, as shown in Fig. 2d. The rate of infusion of ACh was then reduced to 
0-45 mg/min, and as a result a normal rhythm returned, as shown in Fig. 2. 

The kymograph record in another experiment is shown in Fig. 3. Arrhythmia 
resulted when the atria were stimulated for 2 min during the infusion of 


noradrenaline at the rate of 20 ug/min. The arrhythmia persisted after the 
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infusion was stopped, and Fig. 3 shows the blood pressure irregularity 16 min 
later. After 5 min an ACh infusion began at 0-6 mg/min and this caused the 
arrhythmia to become fibrillation. At ACh 2 (see Fig. 3) the infusion was 
reduced to 0-4 mg/min and after 1-5 min a normal rhythm returned. 


Fig. 3. The arrhythmia caused by atrial stimulation during the infusion of noradrenaline at 
20 pg/min. This arrhythmia continued for 27 min until ACh was infused at 0-6 mg/min, 
which caused fibrillation. At ‘ACh 2’ the infusion of ACh was reduced to 0-45 mg/min when 
a normal rhythm returned in 1-5 min. 


Effects of eserine and atropine. In four experiments observations were 
made after the addition of eserine to the reservoir, the concentration being 
3x 10-*m. In one experiment this had no effect. Stimulation during the 
infusion of adrenaline at rates up to 50 wg/min did not cause arrhythmia 
either before or after eserine was added. In two experiments stimulation 
during the infusion of adrenaline and of noradrenaline respectively did not 
cause arrhythmia, but after the addition of eserine the stimulation caused 
flutter; in the adrenaline experiment the flutter lasted 1 min the first time 
stimulation was applied, and 5 min the second time it was applied. In the 
noradrenaline experiment the flutter lasted 23 min; atropine was then injected 
but the flutter persisted. The noradrenaline infusion was stopped, and 16 min 
later a slow infusion of KCl was given at 50 mg/min. This arrerted the flutter 
when 400 mg KCl had entered the blood, and a normal rhythm was restored. 
In a fourth experiment stimulation during the infusion of noradrenaline at 
60 »g/min caused a tachycardia lasting 6 min. After the addition of eserine 
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stimulation caused flutter, which peristed when the noradrenaline infusion was 
stopped 5 min later. Atropine was injected after a further 11 min, and the 
flutter changed to a rapid irregular rhythm. This reverted to a normal rhythm 
7 min later. 

These observations showed that the presence of eserine, which caused an 
accumulation of ACh, did not prevent the occurrence of rapid irregular 
rhythms when stimulation was applied during the infusion of adrenaline or 
noradrenaline, but made their occurrence more likely. As a counterpart to 
this, we observed in two experiments that in the presence of atropine stimula- 
tion during the infusion of adrenaline caused less arrhythmia than before. 


TABLE 2 
Stimulation was applied during infusion of ACh 


Duration of 
Rate of ACh fibrillation after 

infusion stimulation stopped 
(mg/min) (min) 

0-4 0 

0-6 0-58 

0-8 1-16 

10 4-0 

1-1 6-0 

1-2 10-0 + 


Effect of adrenaline on fibrillation. When fibrillation was produced by stimu- 
lation of the right atrium during the infusion of acetylcholine, as little as 
0:1 mg/min might be sufficient or as much as 3-0 mg/min might be needed. The 
effect of increasing amounts is shown in Table 2, taken from an experiment in 
which infusions varied from 0-4 to 1-2 mg/min. 

In observing the effect of adrenaline or noradrenaline on fibrillation pro- 
duced by acetylcholine the one or the other was infused at the same time as 
acetycholine. In some experiments the infusion of adrenaline did not begin 
until atrial fibrillation had been established. In none of these did adrenaline 
arrest the fibrillation, no matter at what rate the infusion was made, nor did 
single injections up to 1-6 mg have any effect. Sixteen experiments were 
carried out in which adrenaline and ACh were infused together before stimula- 
tion was applied; in nine of these adrenaline or noradrenaline prevented 
fibrillation, in five they had no effect and in the remaining two they increased 
the fibrillating action of ACh. 

Prevention of fibrillation. The effect of adrenaline or noradrenaline in those 
experiments in which it prevented fibrillation was beyond doubt, since the 
effect could be repeated. The experiment shown in Table 3 is given as an 
illustration; it was performed on an active and lively dog. Stimulation was 
applied to the right atrium during the infusion of ACh at rates up to 
3-0 mg/min. At this rate fibrillation was maintained after the stimulation 
stopped until the ACh infusion was interrupted 7 min later. Stimulation was 
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then applied during the infusion of noradrenaline at rates of 10 wg/min and of 
{ 20 pg/min. No arrhythmia resulted. At 12.54 stimulation was applied during 
the infusion of ACh at 3-0 mg/min and of noradrenaline at 20 g/min. No 
fibrillation resulted. At 1.02 the infusion of ACh was given alone, and stimula- 

tion then caused fibrillation which was once more maintained until the in- 
: fusion was stopped 6-5 min later. Again at 1.21 the combination of ACh and 
, noradrenaline was tested and again stimulation failed to cause fibrillation. 


TaBLE 3. Effect of noradrenaline in preventing fibrillation: stimulation 


applied at 750 /min for 2 min 
Rate of 
Rate of ACh 
infusion infusion Duration of fibrillation 
Time (mg/min) (ug/min) after stimulation 
12.19 3-5 min 
12.29 _ Until ACh was stopped 
12.44 10 
12.49 20 
1.02 = 
J — Until ACh was stopped 
1.21 3-0 20 e 
1.31 3-0 
1.36 3-0 
1.58 3-0 — Until ACh was stopped 
* No fibrillation 


The noradrenaline infusion was stopped at 1.25, but its effect persisted for 

some time as was found in some other experiments. At 1.31 and at 1.36 

stimulation during the infusion of ACh alone did not cause fibrillation; how- 

ever, after an interval lasting to 1.58, stimulation during the infusion of ACh 
alone caused fibrillation which was watched for 20 min before the ACh in- 

. fusion was stopped. Normal rhythm then returned in 1-5 min. 

' ‘Similar results were obtained with adrenaline, and the e.c.g. records in 
another experiment taken immediately after the stimulation was stopped are 
shown in Fig. 4. The top record was taken during the infusion of adrenaline at 
the rate of 20 ug/min; the rhythm was normal, the rate having been raised by 
the adrenaline from 140 to 183/min. In record 2, taken during the infusion of 
adrenaline at 20 g/min and of ACh at 0-9 mg/min, there was a 2:1 block, the 
atrial rate being 180 and the ventricular rate 90/min. The infusion of ACh was 
allowed to continue but the adrenaline infusion was stopped, and stimulation 
was again applied; in record 3, taken 7 min after record 2, there was atrial 
fibrillation which persisted until the ACh infusion was stopped 10 min later. 

+in record 4 a second test was made of stimulating in the presence of both 
ACh and adrenaline infused at the same rates as in record 2. Again there was 
no fibrillation but only the 2:1 block seen before. Finally, in record 5 during 
the infusion of ACh alone there was fibrillation which continued until the in- 
fusion was stopped 12 min. later. 

There were two further observations in this experiment which are not 
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illustrated in Fig.4. Although fibrillation was prevented by infusing adrenaline, 
the fibrillation which was seen in records 3 and 5 was not arrested by infusing the 
same amount of adrenaline after fibrillation had begun. A further observation 
was also made of the effect of infusing twice the amount of ACh together with 
twice the amount of adrenaline. Again stimulation failed to cause fibrillation. 


1 


Fig. 4. (1) shows e.c.g. after stimulation for 2 min during the infusion of adrenaline 20 g/min; 
(2) after stimulation during the infusion of ACh 0-9 mg/min as well as adrenaline; (3) after 
stimulation during infusion of ACh alone; (4) same as (2); (5) same as (3). 
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The effect of adrenaline in preventing fibrillation can also be seen from the 
kymograph tracing shown in Fig. 5 taken from a third experiment. In the 
top part of the figure is the blood-pressure record taken during the infusion of 
1-2 mg ACh/min. The tip of the right atrium was stimulated at the signal and 
atrial fibrillation was caused. This lasted after the stimulation stopped until 
the infusion of ACh was turned off 4-5 min later, when normal rhythm returned. 
In the middle part of the figure is the blood-pressure record during the in- 
fusion of ACh at 1-2 mg/min, together with adrenaline at 35 ug/min. When 
stimulation was applied there was no disturbance of the blood-pressure record 
because there was no fibrillation. This observation was repeated during the 
infusion of ACh at 2°25 mg/min, together with adrenaline at 35 ug/min. Again 
there was no fibrillation, In the lower part of the figure is the blood-pressure 
record 30 min later when ACh was infused by itself at the rate of 1-29 mg/min. 
Stimulation again caused fibrillation, which persisted until the infusion of 
ACh was discontinued. | 

A summary of the results in six other experiments is given in Table 4. The 
times for the duration of fibrillation in the last column were the times until 
the infusion of ACh was stopped, except for Expt. 5 in which the rhythm 
became normal spontaneously after 4-75 min. In Expt, 4 adrenaline was not 
infused at a uniform rate but was injected into the blood during fibrillation to 
see if the injection would cause reversion to normal rhythm. A series of doses 
was given, 0-1, 0-2, 0-4, 0-8 and finally 1-6 mg. Fibrillation stopped only when 
the ACh infusion was stopped, but 4 min later fibrillation could not be re- 
established when the infusion of ACh was recommenced and stimulation was 
applied. 

Enhancement of fibrillation. In two experiments, both with adrenaline, the 
opposite effect was seen, Both were carried out in the same way and differently 
from those already described. A rate of infusion of ACh was found which on 
stimulation of the atrium caused fibrillation of short duration only, the 
rhythm reverting to normal while the infusion continued. When this infusion 
was combined with the infusion of adrenaline, stimulation caused fibrillation 
which continued for a longer time. The essential details of these experiments 
are shown in Table 5. 

There were finally five experiments in which the infusion of adrenaline or 
noradrenaline did not modify the action of ACh. In two of these the maximum 
rate of infusion of noradrenaline was 20 g/min, and since in some other 
experiments the inhibition of fibrillation required the infusion of 50 .g/min, 
the failure may have been because too little was used. 
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Fig. 5. Kymograph records during infusion of ACh at 1-2 mg/min showing at the top an v 
arrhythmia produced by stimulation, which the e.c.g. revealed as fibrillation; the record in 
the middle shows that stimulation during the infusion of adrenaline at 35 ug/min as well of A 
as ACh at 1-2 mg/min did not cause arrhythmia. The record below shows a repetition of the to f 
observation at the top. ores 
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TaBLE 4. Experiments not described in the text in which adrenaline 
or noradrenaline prevented fibrillation 


Duration 
fibrillation after 
ACh Adrenaline Noradrenaline stimulation 

Expt. (mg/min) (ug/min) (ug min) (min) 
1 0-4 2 
0-4 40 
2 1-65 _ — 14 
3-9 50 * 
1-56 6 
3 0-9 5 
2-76 — 20 
4 2-4 — —~ 4 
2-3 (3-1 mg injected) 

5 0-15 — — 4-75 
0-15 100 
6 2 0-9 
0-9 20 

* No fibrillation. 


Tasie 5. Experiments in which adrenaline prolonged fibrillation 


Duration of 
Rate of ACh Rate of adrenaline _fibrillation after 
infusion infusion stimulation 
Expt. (mg/min) (ug/min) (min) 
7 1-2 —_— 1 
1-2 0-5 
1-2 66 2-2 
1-2 8 
1-2 7-25 
8 0-45 _— 0-8 
0-45 20 >6 
0-45 — 2-5 
0-45 2-8 
0-45 10 >11 
DISCUSSION 


When the atria are driven at a rate which is increased in steps, a rate is 
reached at which the ventricles cease to follow each stimulus, and as the rate of 
stimulation rises beyond this point, the ventricular rate falls until it is half 
the atrial rate. Earlier work showed that when ACh was infused or when 
eserine or neostigmine was added to the blood in the heart-lung preparation, 
the atrial rate at which the ventricles first ceased to follow was much reduced 
(Burn, Vaughan Williams & Walker, 19554, b). The present experiments show 
that the infusion of adrenaline or of noradrenaline has the opposite effect, 
and under their influence the ventricles follow a higher rate of stimulation. 
When the atria were driven for a short period at 750/min during the infusion 
of ACh, flutter or fibrillation always occurred, and flutter could be converted 
to fibrillation by increasing the amount of ACh infused per minute. The 
resent experiments show that atrial stimulation at 750/min during the infusion 
10-3 
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of adrenaline or noradrenaline did not cause fibrillation. In some experiments 
there was no action of any kind. That is to say, when stimulation was stopped, 
the atrial rhythm returned to the normal rhythm which was present before it 
was applied. In other experiments the stimulation produced a tachycardia in 


which the ventricular rate was about 300/min but was irregular. The P waves — 


were often difficult to count, but appeared to be about twice as fast (see 
Fig. 1). In some experiments the condition resembled flutter (Fig. 2). The 
arrhythmia sometimes reverted to normal rhythm when the infusion was 
discontinued but sometimes it persisted. If then ACh was infused, the atria 
fibrillated, and when the ACh infusion was slowed, the atrial rhythm became 
normal. The production of the tachycardia by stimulation during adrenaline 
infusion was, however, difficult to study, because it was rarely produced a 
second time in one preparation. 

The main evidence presented in this paper concerns the action of adrenaline 
on atrial fibrillation produced by electrical stimulation in the presence of 
ACh. That the evidence is conflicting is no matter for surprise since there is 
no doubt that the action of adrenaline on the heart is complex. It might have 
been forecast that in some experiments adrenaline would intensify or prolong 
this fibrillation, for it has been known since the work Levy (1912) that during 
chloroform anaesthesia the injection of adrenaline causes ventricular fibrilla- 
tion. Atrial fibrillation was, however, intensified by adrenaline in two experi- 
ments only, while in nine experiments out of sixteen the infusion of adrenaline 
or noradrenaline was found to prevent the onset of fibrillation. 

To explain the onset of fibrillation during the infusion of ACh the observa- 
tions of Burgen & Terroux (1953) and of Hoffman & Suckling (1953) may be 
relevant. These workers determined the action potential in the isolated atrium 
by using an intracellular electrode and found that while the rising phase in 
which depolarization occurred was almost vertical, the falling phase in which 
repolarization occurred was prolonged. In the presence of ACh, however, the 
falling phase became steeper so that repolarization occurred more quickly. 
They suggested that ACh increased the permeability of the cell membrane to 
K+, and Harris & Hutter (1956) have recently demonstrated that this occurs 
in the frog sinus. 

Recently Webb & Hollander (1956) have shown that adrenaline has the 
opposite effect to ACh on the action potential in the atrial cell. Whereas the 
duration of the action potential was reduced to 22-5% of its length by ACh, 
it was increased by 13% in the presence of adrenaline. Thus adrenaline caused 
a slowing of the rate of repolarization. How adrenaline produces this effect is 


not known. Our evidence that in the majority of experiments the infusion of - 


adrenaline prevented the onset of fibrillation supports the view that the rate of 
repolarization of the cell membrane is decisive for the production and main- 


tenance of atrial fibrillation. If the different cardiac muscle fibres, as a result 
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of brief stimulation at a high rate, get slightly out of phase, then when re- 
polarization is rapid they may continuously re-excite one another. This 
re-excitation will be arrested by any means which prolongs the falling — 
of the action potential. 

SUMMARY 


1. The atria were stimulated in the dog heart-lung preparation at rates 
which increased in steps, and the maximum rate at which all beats were 
transmitted to the ventricles was determined; the minimum rate at which a 
2:1 rhythm was seen was also determined, When an infusion of adrenaline 
or of noradrenaline was given these maximum and minimum rates were 
increased. Adrenaline and noradrenaline were equal in effect. 

2. When the atria were stimulated at a rate which would have produced 
fibrillation during the infusion of ACh, the stimulation did not produce 
fibrillation during the infusion of adrenaline or noradrenaline. Often stimula- 
tion was without action, but sometimes it produced an arrhythmia. The 
R waves were at an irregular rate near 300/min and the P waves, when they 
could be identified, were about 600/min; occasionally the e.c.g. resembled that 
in flutter. The arrhythmia could not be produced a second time. 

3. Both adrenaline and noradrenaline were found to modify the occurrence 
of fibrillation due to stimulation during the infusion of ACh. In nine out of 
sixteen experiments it was found that when adrenaline was infused at a 
constant rate together with ACh electrical stimulation of the atrium did not 
precipitate fibrillation. This action may be due to the increase in the duration 
of the atrial action potential which adrenaline has been shown to cause. In 
two experiments the opposite result was obtained. 
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THE CHEMICAL NATURE OF DARMSTOFF 


By W. VOGT* : 


(Received 12 January 1957) 


The term Darmstoff was given to a smooth-muscle-stimulating substance ~ 


which was first observed with bath fluid of isolated intestine preparations 
(Vogt, 1949). The substance is easily soluble in many organic solvents and is 
acidic in nature. These properties distinguish Darmstoff from amines and 
polypeptides (Vogt, 1955)... 

The present experiments show that Darmstoff consists of acidic phospho- 
lipids, one of which is an acetalphosphatidic acid. The experiments were begun 
following a suggestion by Professor W. O. Kermack and Dr C. Long, Aberdeen, 
that Darmstoff might contain acetal groups because of the finding that Darm- 
stoff was more resistant to alkali than to acid. This behaviour is peculiar to 
acetals. 

METHODS 


of Darmatoff. The sample of Darmstoff used in the present experiments was obtained 


Preparation 
from 10-5 kg of washed small intestine of the horse. The tissue was cut into pieces and boiled in 
21 1. of 0-2 n-NaOH for 10 min. This treatment can be used because Darmstoff is stable in alkali, 
and it has the advantage over the method previously used (Vogt, 1955) in that it simplifies the 
extraction because the tissue is dissolved by the alkali. After cooling the solution it was made 
slightly acidic by adding HCl. A precipitate formed which, besides proteins, contained Darmstoff. 
The precipitate was collected by centrifugation and then extracted with 51. n-butanol. A clear 
butanol filtrate was obtained which was concentrated in vacuo after the addition of sufficient 
ammonia solution to prevent the filtrate from becoming acidic. The concentrate was purified by 


two counter current distributions in water—methanol—butanol—b and methylethylket 
water, as described earlier (Vogt, 1955). An amount of 418 mg dry weight of Darmstoff extract 
was obtained with an activity of 35,900 u./mg. The unit has been defined elsewhere (Vogt, 1953). 
The material was dissolved in butanol and stored for nearly a year before the present experiments 
were undertaken; some loss of activity may have occurred during this time. For use, suitable 
portions of this solution were taken and dried in a stream of N,. All weights given refer to the 
dry material. 

Preparation of Ba salt of Darmetoff. A sample of 18 mg of Darmstoff was dissolved in 5 m!. 
of a methanol—butanol mixture (1 +1 vol.). On the addition of 0-3 ml. of a saturated Ba(', 
solution in methanol a small precipitate formed. It had no smooth-muscle-stimulating effect on 
the rabbit duodenum and was therefore discarded. When the filtrate was made alkaline by the 
addition of 0-1 ml. s-NaOH, a new precipitate formed, which was collected by centrifugation after 
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standing at ~7° C during the night. When dried the precipitate weighed 5-16 mg. The 5-16 mg 
of the precipitated Ba salt contained more than 75% of the original activity. The sample was thus 
about three times as active as the starting material. For the biological assay, the Ba was first 
eliminated by dissolving the Ba salt with Na,SO,. 

Mild acidic hydrolysis of Darmstoff. A sample of 7-5 mg of Darmstoff was dissolved in 1 ml. of 
50% aqueous acetic acid, and 0-1 ml. of 0-005 m-HgCl, was added to the solution which was then 
sealed in an ampoule filled with N, and kept for 48 hr at 37° C. The mercury was eliminated by 
H,S and the solution dried in a desiccator in vacuo over NaOH. Portions of this hydrolysate were 
taken for estimation of biological activity and for paper chromatography. Occasionally, hydrolysis 
of Darmstoff was carried out in 90% acetic acid for 24 hr, but otherwise proceeding in the same 
manner. 

Paper chromatography. Whatman paper No. 1 and No. 3 were used. The paper No. 1 was washed 
with 2 N-acetic acid, water and ammonia, and treated with H,S. The paper No. 3 was kindly 
supplied by Dr T. 8. Work after it had been washed according to the procedure of Connell, Dixon 
& Hanes (1955). The samples to be chromatographed were applied to the paper as single spots, 
usually in amounts corresponding to 350-700 yg of Darmstoff. The chromatograms were run in an 
ascending direction in a sealed tank in a N,-atmosphere, and chromatography was stopped when 
the solvent front had reached a distance of 23-25 cm from the site of application of the spots. 
Usually two mixtures were used as solvents, the upper phase being either methylethylketone- 
diethylamine—water mixture (60+3 +20 vol.) (Vogt, 1955) or »-propanol-NH,—water prepared 
according to Hanes & Isherwood (1949). In addition, some chromatograms were developed with 
light petrol (50-66° € b.p.) or with n-butanol saturated with water. 

Phosphate was detected on paper chromatograms by spraying with the molybdate reagent of 
Hanes & Isherwood (1949), heating the paper to about 80° C for 10 min and finally irradiating 
the pepet with wie violet light for a further 10 min (Bandurski & Axelrod, 1951). With this pro- 
cedure phosp taining compounds give blue spots. 

Aldehydes were shown by the purple colour they give with Schiff reagent (fuchsin-sulphurous 
acid). The reagent was prepared by dissolving 1 g of parafuchsin in 700 ml. H,O, adding 50 ml. 
of 2 n-HCl and 5 g of NaHSO, and adjusting to 11. with H,O (Christi, 1953). The reagent was 
sprayed on to the paper chromatogram which was then placed either between two glass plates or 
in a sealed tank which contained some SO, solution and was filled with N,. After the colour had 
developed, the paper was washed twice in SO, solution and finally in distilled water. Some of the 
chromatograms were treated with acetic acid to hydrolyse acetals before they were stained. For 
this purpose the chromatograms were either sprayed with 0-005 m-HgCl, in 90% acetic acid and 
incubated for 24 hr at 37° C, lying between two glass plates, or they were'exposed for 24 hr to acetic 
acid vapour in a sealed tank. 

Ninhydrin reaction. The chromatograms were sprayed with 0-1 % ninhydrin in butanol and then 
left in the dark at room temperature until the violet colour had developed. These chromatograms 
could afterwards be used for the phosphate reaction. 

Biological assay. Isolated strips of rabbit duodenum were used for assay in a 15 ml. bath of 
Tyrode solution at 37 °C, aerated with a mixture of 95% 0,+5% CO,; 0-4 ug of atropine was 
added to the bath after each change. The fractions to be assayed were freed from solvents by 
drying at room temperature in a stream of N, and redissolving the residue in a suitable amount of 
saline or Tyrode solution. The position of smooth-muscle-stimulating compounds on single- 
dimension paper chromatograms was ascertained by cutting the paper into transverse sections and 
either immersing these directly in the organ bath, or eluting them with methanol containing some 
NH,, drying the eluate as described, redissolving the residue in Tyrode solution, and adding equal 
portions to the bath. 
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RESULTS 


Paper chromatography and colour reactions of Darmstoff 
Phosphate. When the paper chromatograms of 500-1000 yg of Darmstoff 
on Whatman No. 3 paper developed in the methylethylketone-diethylamine 
mixture were treated with the molybdate reagent of Hanes & Isherwood 


(1949) and then irradiated with ultra-violet light, they showed twoblue spots 


Fig. 1. Chromatograms of 1-5 mg of Darmstoff on Whatman No. 3'paper, developed with methyl- 
thylketone-diethylamine. At A the paper was stained with Schiff reagent, showing the 
position of aldehydes. At B the paper was stained with the molybdate reagent, showing 


phosphate spots. The numbers on the right margin indicate the sections of a parallel unstained — 


chromatogram, which were eluted and tested for biological activity, as shown in Fig. 2. 


corresponding to R,/0-34 and 0-43 (Fig. 1B). The lower spot was stronger in 
colour and larger in size than the upper and could be seen even when as little 
as 75-150 yg of Darmstoff was used. With these small amounts of Darmstof, 
the upper spot was not visible. When parallel chromatograms were tested for 
biological activity on the rabbit duodenum, only the eluate from the area 
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which corresponded to the lower of the two phosphate spots stimulated the 
intestine. This is shown in Fig. 2. 

In chromatograms run on Whatman No. | paper instead of Whatman No. 3, 
the active phosphate spot was formed in a slightly higher position (R, 0-4). 
The same Ry value had previously been found for Darmstoff on Schleicher 
and Schill paper No. 20436 (Vogt, 1955). 

In chromatograms of Darmstoff developed with propanol-ammonia mix- 
ture two phosphate spots appeared near the solvent front (R, 0-75-0-8 and 
0-85-09) (see Fig. 4.4). Sometimes the separation of the two spots was in- 
complete. In those chromatograms in which the two spots had clearly separated, 
both yielded smooth-muscle-stimulating activity, but the activity obtained 
from the two areas showed the following differences. When the paper section 
corresponding to the lower spot was immersed in the organ bath there was a 
short initial relaxation of the intestinal preparation followed by contraction. 


1 2 3 . 5 6 7 8 9 


Fig. 2. Rabbit duodenum in 15 ml. Tyrode solution. Assay of eluate from the nine sections of the 
paper chromatogram of Darmstoff shown in Fig. 1. Each time 2% of the eluate was admin- 
istered to the bath. 


The section corresponding to the upper phosphate spot did not produce the 
initial inhibition but it caused only contraction, and this contraction proceeded 
more slowly than that obtained from the lower spot. These differences indicate 
that the substances present in the two spots have different pharmacological 
properties, although the differences in the time courses of the contractions 
may have been due to differences in the speed of extraction of the substances 
from the paper by the bath fluid. 

In chromatograms developed with water-saturated n-butanol, the phos- 
phate-containing compounds formed a long streak which occupied about one- 
third of the whole chromatogram, reaching from R, 0-3 to 0-7. Again, this 
phosphate-containing area, when eluted and tested, exerted the smooth- 
muscle-stimulating activity. 

In one experiment the Ba salt of Darmstoff was used; 200 ug were run in a 
chromatogram with n-butanol and a phosphate spot of 5cm length was 
obtained with its centre at Ry 0-26. Apparently the movement of the Ba salt 
was retarded as compared with that of free Darmstoff. In another experiment 
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free Darmstoff was run with n-butanol on a paper which had first been sprayed 
with 1% BaCl, solution at the site of application of the sample. Again the 
phosjhate spot a#ewell as the site of biological activity was found in a 
lower position (Ry 0-08) than in the chromatograms obtained with free 
Darmstoff. 

Since the biological activity coincided in all experiments with areas where 
the positive phosphate reactions were obtained, it is concluded that the 
active principle, Darmstoff, is a phospholipid itself. 

Aldehyde. (Schiff reaction.) A sample of 3-7 mg of Darmstoff was dis- 
solved in 0-5 ml. of 90% acetic acid containing 0-5 m-mole HgCl, and was 
incubated at 37° C for 24 hr in a sealed ampoule filled with N,. When 0-5 ml. 
of fuchsin-sulphurous acid was then added, a deep violet salina creeds 
after about half a minute, indicating the presence of aldehydes. 

In paper chromatograms the aldehyde reaction with fuchsin-sulphurous 
acid was given in the same regions which reacted with the phosphate reagent 
(Fig. 1A). The violet colour developed in about a minute when the chromato- 
gram had been exposed for 24 hr to acetic acid before staining. When this was 
omitted, a positive reaction was seen only after the chromatogram had been 
exposed to the fuchsin-sulphurous acid solution for 6-10 hr. This different 
time course in the development of the colour suggests that the aldehyde group 
was originally bound as acetal, and had to be liberated by hydrolysis. In the 
experiments in which the chromatograms had been exposed to acetic acid this 
hydrolysis had occurred before the addition of the Schiff reagent. In the 
experiments without previous treatment with acetic acid the hydrolysis 
occurred after the addition of the Schiff reagent, owing to its acidic reaction, 
and this hydrolysis then proceeded gradually. 

A chromatogram of the Ba salt of Darmstoff developed with n-butanol 
also gave a positive Schiff reaction, which coincided with the phosphate spot 
obtained. 

Amino groups. (Ninhydrin reaction.) Paper chromatograms of Darmstoff 
developed with the methylethylketone mixture were unsuitable for ninhydrin- 
reaction because of interference with traces of the solvent mixture which 
remained in the paper after drying. Chromatograms were therefore developed 
with propanol-NH,. They showed ninhydrin-reacting spots in the areas which 
contained the biologically active phosphate compounds. The colour was 
always weak and sometimes hardly visible, although Darmstoff was applied 
to the paper in amounts sufficient to give a distinct phosphate reaction. 

A chromatogram of 200 yg of the Ba salt of Darmstoff did not show any 
ninhydrin spot. The ninhydrin-reacting material remained in the supernatant 
from which the Ba salt had been precipitated. In the supernatant it was 
found combined with unprecipitated phospholipids. 

These results suggest that some base-containing compounds are present in 
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the acidic phospholipids of Darmstoff extract, but that they form only a small 
part of the whole phospholipids. The bulk of smooth-muscle-stimulating 
compounds in the extract is probably free of amino groups. 


Mild acidic hydrolysis of Darmstoff 

The following experiments show: (1) that mild acidic hydrolysis of Darm- 
stoff leads to the appearance of a free lipid-soluble aldehyde and of «-glycero- 
phosphate, suggesting that the parent compound of these split products is 
acetalphosphatidic acid; and (2) that Darmstoff owes its biological activity 
partly to the acetalphosphatidic acid and partly to other acidic phospholipids. 

Separation of an aldehyde from the phosphate part, The presence of phosphate 
in the lipid-soluble and acidic Darmstoff suggested phosphatidic acids as a 
possible structure, and since acetal groups were also found, it seemed likely 
that the sample contained acetalphosphatidic acid. According to Feulgen & 
Bersin (1939) acetalphosphatidic acids are cyclic acetals formed by a fatty 
aldehyde with the two hydroxyl groups of glycerophosphate. If such com- 
pounds were present in the Darmstoff sample, then selective scission of the 
acetal linkage should give rise to the formation of free fatty aldehyde and 
glycerophosphate according to the equation 


H,=c., # 


H 


Acetalphosphatidic acid 


Acidic hydrolysis 
H,=C—QH 
| H 
H—C—OH + O=G-R 


H,=C—-0- P-OH 
OH 


a-Glycerophosphate Aldehyde 


The separation of an aldehyde from the phosphate of Darmstoff after acetal 
cleavage was demonstrated in the following manner. A sample of Darmstoff 
was hydrolysed in acetic acid+HgCl, at 37°C. After elimination of the 
Hg by H,§, portions of the hydrolysate corresponding to 750 ug of Darmstoff 
were applied in single spots to Whatman No. 1 paper. As a control the same 
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amount of unhydrolysed Darmstoff was applied to the same paper. The chro- 
matograms were run in light petrol (50-60 °C b.p.). Darmstoff does not move 
on paper in this solvent. Thus in the chromatograms of unhydrolysed Darm- 
stoff both phosphate and aldehyde reaction were obtained at the origin, where 
the spots had been applied (Fig. 3.4). However, a weak narrow band giving a 
positive Schiff reaction was also present at the solvent front indicating some 
free aldehyde; probably some destruction of the Darmstoff had occurred. In 
the chromatograms of the hydrolysate, the phosphate was again found at the 
origin, but now the aldehyde reaction was given exclusively at the solvent 
front, forming a bright violet band in the front line (Fig. 3B). This finding 


A.Darmstoff Hydrolysate 
Fig. 3. Paper chromatograms of Darmstoff (A), and of acidic hydrolysate of Darmstoff (B), with 


light petrol and stained for either phosphate or for aldehyde as indicated above the ehroma- 
tograms. (For details see text.) 


shows that the aldehyde in Darmstoff is bound as acetal to a phosphate com- 
pound from which it is liberated by mild acidic hydrolysis. Further, since the 
aldehyde moved on paper with the solvent front, when developed with light 
petrol, it is a lipid-soluble aldehyde, as would be expected from an acetal- 
phospholipid. 

Non-lipid-soluble phosphate fraction of Darmstoff hydrolysate. To charac- 
terize the phosphate-containing split products the material obtained by 
hydrolysis of Darmstoff in 50°% acetic acid was dried at room temperature 
and separated into a lipid-soluble and a non-lipid-soluble fraction by distribu- 
tion between water and butanol. Equal portions of both fractions, equivalent 
to 1-5 mg of Darmstoff, were applied to Whatman No. 1 paper and chromato- 
grams were run in propanol-NH,. For comparison, unhydrolysed Darmstoff, 
a- and f-glycerophosphate, and inorganic phosphate, were run on the same 
paper sheets. 

Chromatograms of the non-lipid-soluble fraction, i.e. of the material con- 
tained in the water phase after distribution of the hydrolysate between water 


and butanol, showed only one phosphate spot (Fig. 4B). This spot was in the 


position of «-glycerophosphate 0-25) (Fig. 4C’), whereas 8-glycerophosphate 
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had a higher (0-31) (Fig. 4.D) and inorganic phosphate a lower (0-08) R, value. 
In chromatograms obtained from a mixture of hydrolysate and a-glycero- — 
phosphate again only one phosphate spot appeared, showing that the non- 
lipid-soluble phosphate compound is a-glycerophosphate itself. No other 
non-lipid-soluble phosphate compounds were found. 


Fig. 4. Chromatograms of fractions of Darmstoff hydrolysate and of «- and £-glycerophosphate, 
run with propanol-NH, and stained for phosphate. A, lipid-soluble; B, non-lipid-soluble 
fractions of hydrolysate ; C, «-glycerophosphate; D, 8-glycerophosphate. (For details see text.) 

Since no glycerophosphate was observed in chromatograms of intact Darm- 
stoff it must have been formed as the result of the mild acidic hydrolysis. The 
following experiment proves that it is a split product derived from the active 
principle of the Darmstoff extract. A chromatogram of intact Darmstoff was 
run with methylethylketone—diethylamine. When the biologically active 
region of this chromatogram, i.e. the lower of the two phosphate-containing 
zones, was eluted, «-glycerophosphate was obtained on hydrolysis of this 
eluate. 

Lipid-soluble phosphate fraction of Darmstoff hydrolysate. Paper chromato- 
vrams of the lipid-soluble fraction of hydrolysed Darmstoff, i.e. of the material 
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contained in the butanol phase after distribution of the hydrolysate between 
butanol and water, showed two phosphate spots in the same positions as 
unhydrolysed Darmstoff, whether propanol-NH, or methylethylketone— 
diethylamine was used as solvent (Fig. 4A). Apparently these phosphate 
compounds of the Darmstoff extract were resistant to the mild hydrolysis in 


acetic acid at 37°C. The two spots also contained the ninhydrin-reacting 
bases. 


Biologial activity of Darmstoff after mild acidic hydrolysis. The treatment . 


with acetic acid led to a 50% loss of the smooth-muscle-stimulating activity. 
Since the compound destroyed in the treatment was shown to be acetal- 
phosphatidic acid, this compound is a biologically active part of the Darmstoff 
extract. On the other hand, the whole biological activity of Darmstoff cannot 
be attributed to acetalphosphatidic acid, since the remaining activity of the 
hydrolysate was not due to the split products formed, i.e. aldehyde and 
a-glycerophosphate. Both compounds were found to be inactive on the rabbit 
duodenum, at least in doses comparable to active doses of Darmstoff. 

When the hydrolysate was distributed between butanol and water, the 
residual activity was found in the butanol layer, i.e. in the lipid-soluble frac- 
tion. Evaluation of the chromatograms of this fraction on the rabbit duodenum 
showed that the biological activity coincided with the position of the two phos- 
phate spots obtained in the.chromatograms developed with propanol-NH,. 
When the chromatograms had been developed with the methylethylketone— 
diethylamine mixture, the lower of the two phosphate spots corresponded to 
the zone of biological activity. Thus, the phospholipids of Darmstoff extract, 
which were not split by mild acidic hydrolysis and moved on paper like 
unhydrolysed Darmstoff, were responsible for the residual effects after mild 
acidic hydrolysis, indicating that Darmstoff is a mixture of acidic phospho- 
lipids, one active component being acetalphosphatidic acid. 


Chemical preparation of acetalphosphatidic acid 

The conclusion that part of the Darmstoff activity is due to acetalphos- 
phatidic acid is substantiated by the finding that chemically prepared acetal- 
phosphatidic acid acts like Darmstoff on the rabbit duodenum. A sample of 
acetalphosphatide was hydrolysed with alkali under conditions which, 
according to Feulgen & Bersin (1939), lead to formation of the corresponding 
acetalphosphatidic acid. The sample, prepared from beef heart, was kindly 
supplied by Professor Klenk. It contained choline as base and was contami- 
nated with lecithin which was removed in the following way: 300 mg of the 
acetalphosphatide was emulsified in 3 ml. of n/3-NaOH in an ampoule, which 
was filled with N, and sealed. The emulsion was kept at 37° C for 2 hr. This 
treatment destroys the lecithin by cleavage of its fatty acids. After cooliny. 
the hydrolysate was adjusted to pH 6 with HCl and extracted with 3 ml. of 
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butanol. The butanol extract was washed with 2 ml. of water and evaporated 
to dryness at room temperature in a stream of N,. The residue was redis- 
solved in 0:5 ml. of chloroform and 4 ml. of acetone were added. A precipitate 
of acetalphosphatide formed, which when dried weighed 45 mg. It had no 
effect on the rabbit duodenum when tested in a dose of 10 yg. This precipitate 
was used as starting material for the preparation of the acetalphosphatidic 
acid. For this purpose 13 mg was emulsified in 1 ml. of 3-39 KOH, sealed 
in an ampoule filled with N,, and kept in a boiling water-bath for 4 hr to 
cleave the base from the phosphatide (Feulgen & Bersin, 1939). This results in 
the formation of acetalphosphatidic acid, according to the following reaction: 


H 


N(CH,), 
H 


+ HO-CH,~CH,— N(CH,), -OH 


Acetalphosphatidic Choline 
acid 


The hydrolysate was then acidified to pH 5 with HCl and the phosphatidic 
acid extracted with butanol, to free it from K and choline. The butanol extract 
contained 8-97 mg of dry material. This material was tested on the rabbit 
duodenum; it caused contraction when added in a dose of 2 wg to the 15 ml.. 
bath. Another preparation obtained by hydrolysis under similar conditions 
contracted the gut even in a dose of 0-45 yg. This effect is illustrated in Fig. 5. 

The acetalphosphatidic acid obtained in this way was not in a pure state; 
other split products might have been present in the hydrolysate. However, 
the following two findings show that the smooth-muscle-stimulating effect 
must have been due to the formed acetalphosphatidic acid. (1) The action 
was absent in the starting material, i.e. it was not due to accidental impurities 
or to the acetalphosphatide itself. (2) The active principle behaved as a lipid- 
soluble acid. When the hydrolysate was distributed between water and 
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methylethylketone at acidic pH, the smooth-muscle-stimulating activity was 
found in the organic layer, whereas after distribution at alkaline pH it was 
found in the aqueous phase. This excludes all split products of acetalphos- 
phatide other than acetalphosphatidic acid. Only fatty acids derived from 
the destroyed lecithin would show the same behaviour in distribution. The 
possibility that they were responsible for the biological activity is further 
excluded by the following findings. The activity 
was destroyed after standing for 48 hr in 50% 
acetic acid at room temperature, i.e. after mild 
acidic hydrolysis. In paper chromatograms of the 
alkaline hydrolysate developed with methylethyl- 
ketone—diethylamine the biological activity was 
found in an area which gave a positive phosphate 
and Schiff reaction. Thus the only compound 
in the alkaline hydrolysate which has all the 
properties of the active principle is acetal- 
phosphatidic acid. Finally, the conclusion that 
part of the Darmstoff activity is due to acetal- 
phosphatidic acid is supported by the fact. that 
the position of the biologically active phosphate- Fig. 5. Contractions of the 
and aldehyde-containing zone of the alkaline 
hydrolysate of acetalphosphatide, in paper to 1-85 yg (at A) and to 0-45 ue 
chromatograms developed with methylethyl- (at B) of chemically prepared 
ketone-diethylamine, was the same as that of  acetalphosphatidic acid. 
natural Darmstoff. | 


DISCUSSION 

The experiments described show that the smooth-muscle-stimulating activity 
of Darmstoff is not due to a single substance but to a mixture of acidic phos- 
pholipids. Two different active fractions were obtained in chromatograms 
developed with propanol-NH, but these two fractions certainly contain more 
than two smooth-muscle-contracting phospholipids. This is evident from the 
fact that after acidic hydrolysis of Darmstoff at least one compound was 
destroyed, leaving two other active compounds unaltered, as shown in the 
chromatograms of the acidic hydrolysate developed with propanol—-NH,. 
On the other hand, not all phospholipids present in the extract appear to be 
biologically active. In paper chromatograms developed with methylethy!- 
ketone one inactive phospholipid compound was found. This compound had 
either no smooth-muscle-contracting effect or the amount available for testing 
was too small to give an effect. © 

Evidence that part of the Darmstoff extract consists of acetalphosphatidic 
acid was derived from the demonstration of its split products, namely a lipid- 
soluble aldehyde and «-glycerophosphate. These split products were obtained 
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by very mild acidic hydrolysis; this treatment only cleaves the acetal linkage 
in phospholipids. Since no other non-lipid-soluble phosphate compound but 
a-glycerophosphate was found in the acidic hydrolysate, acetalphosphatidic 
acid is the only acetal-containing phospholipid in Darmstoff extract. 

The finding that chemically prepared acetalphosphatidic acid stimulates 
smooth muscle further supports the conclusion that part of the Darmstoff 
activity is due to this compound. This does not necessarily mean that both the 
chemically prepared and the natural acid are identical. They may contain 
different fatty aldehydes and probably both of the acetalphosphatide pre- 
parations contain compounds with various aldehydes. It can, therefore, not 
be expected that the two preparations have quantitatively the same potency. 
Nevertheless, natural Darmstoff and chemically prepared acetalphosphatidic 
acid were active on the rabbit duodenum in amounts of the same order. 

Recently, Klenk & Debuch (1954), as well as Debuch (1956), have shown 
that genuine acetalphosphatides do not have the cyclic acetal structure as 
suggested by Feulgen & Bersin (1939), but that they are semiacetals in which 
only one hydroxyl-group of the glycerol is combined with a fatty aldehyde, the 
other being combined with a fatty acid. The cyclic acetal structure of Feulgen 
results from treatment with alkali which splits off the fatty acid. This treat- 
ment is the procedure commonly used for purification of acetalphosphatides. 
Since in the present experiments treatment with alkali was the first step in 
preparing the Darmstoff extract, its acetalphosphatidic acid may also have 
originally been a semi-acetal containing one fatty acid. 

The following tentative conclusions can be drawn about the polar and fatty 
portions of the phospholipids of Darmstoff which remained unaltered by mild 
acidic hydrolysis. Regarding the polar part one may assume that it consists 
not only of phosphatidic acids, but also of inositol- or serme-contaiming 
phospholipids. Both inositol-phosphatides and serine-phosphatides are acidic 
in nature, having one net negative charge, whereas phosphatidic acids have 
two free negative charges. No evidence for or against the presence of inositol- 
phosphatides in Darmstoff extract is as yet available, On the other hand, the 
finding of a positive, though rather weak, ninhydrin reaction with phospho- 
lipids of Darmstoff may indicate the presence of serine-containing phos- 
pholipids, Concerning the fatty part, it is possible that the yet unidentified 
phospholipids are of the sphingomyelin type, because they are not only stable 
to mild acid but also to alkali treatment. This stability is peculiar to sphingo- 
myelin, Ester-phosphatides which also would resist the mild acidic hydrolysis 
used in the present experiments cannot be present in the Darmstoff extract 
since they would have been destroyed by the boiling in 0-2 n-NaOH which 
was the first step in preparing the sample. On the other hand, the absence of 
esterphosphatides in the Darmstoff extract does not exclude their presence in 
the tissue, and they may be pharmacologically active. They would be detected, 
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however, only under more suitable conditions of extraction, avoiding treat- 
ment with alkali. 

Further work on the nature and occurrence of smooth-muscle-stimulating 
acidic phospholipids will have to deal with the difficulty, known in phos- 
pholipid research, of separating single compounds without unintentionally 
selecting, losing or altering some of them by the mode of preparation and 
purification. 

‘The acidic phospholipids a a new class of pharmacologically active 

of substances natural occurrence. The fact that several of them have a similar 
effect suggests that their activity is mainly dependent on properties which are 
common to all of them: acidic nature and lipid-solubility. The special nature 
of the fatty portion, which is the cause of the lipid-solubility and the nature of 
the acidic groups, may be of minor importance. This suggestion is supported 
by the fact that other lipid-soluble acids, namely certain unsaturated fatty 
acids, also have smooth-muscle stimulating properties (Gabr, 1956; Vogt, 
1956). 

The finding that acidic phospholipids have muscle-stimulatihg properties 
calls attention to their possible role in cell excitability in general. Excitability 
and excitation are associated with cation movements across the cell mem- 
branes; these movements seem to be dependent on negatively charged mem- 
brane constituents. Since phosphatides occur in membranes, the phosphatidic 
acids, which can be regarded as split products of phosphatides, may play 
a role as carriers of such negative charges. This problem has been discussed 
elsewhere (Vogt, 1957). 


SUMMARY 


1. The chemical nature of Darmstoff was investigated using an extract 
prepared from horse small intestine. 

2. With paper chromatography and mild acidic hydrolysis it could be 
shown that Darmstoff consists of several acidic phospholipids, one of which 


is an acetalphosphatidic acid. The other acidic phospholipids have not been 
identified. 


3. Chemically prepared acetalphosphatidic acid was shown to have smooth- — 


muscle-stimulating activity similar to that of natural Darmstoff. 


I wish to express my sincere thanks to Sir Charles Harington for the facilities to work in the 
National Institute for Medical Research, and to Dr W. Feldberg for his continued interest in this 
work. I am grateful to Professor W. O. Kermack, Dr C. Long and Dr T. 8. Work for useful 
suggestions, and to Professor E. Klenk for kindly supplying a sample of acetalphosphatide. ‘The 
Darmstoff extract was kindly prepared by Chemiewerk Homburg AG., Frankfurt. 
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5-HYDROXYTRYPTAMINE AND TISSUE MAST CELLS 
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Two important physiologically active tissue constituents have been associated 
with tissue mast cells—heparin by Holmgren & Wilander (1938) and histamine 
by Riley & West (1953). Recently, 5-hydroxytryptamine (5-HT) has also been 
associated with mast cells of the subcutaneous areolar tissue of the rat (Benditt, 
Wong, Arase & Roeper, 1955). This paper presents evidence of the occurrence 
of 5-HT in different tissues of mammals and about its relationship to tissue 


mast cells and histamine. 
METHODS 


Preparation of tissue extracts. The tissues of the various species were obtained from animals 
either at operation or immediately following death by a blow on the head. For extraction of 5-HT, 
the tissues were weighed, cut into small pieces and extracted with 5 parte (w/v) of acetone for 
24 hr. After decanting the acetone, the tissues were re-extracted with five parte of 80% (v/v) 
acetone. The acetone from the combined filtrate was removed by evaporation in air below 30° C. 
The residue was brought to the desired volume (1-10 ml./g of original material) with 0-9 % (w/v) 
NaCl solution. For extraction of histamine, similar pieces of tissue were weighed, cut into small 
pieces and extracted with 10% (w/v) trichloroacetic acid (1-5 ml./g) for 12-24 hr. Excess acid 
was then removed by four shakings, each using 4 vol. ether. Application of gentle heat to the 
aqueous extract removed any dissolved ether, 

Bioassay and identification of 5-HT. The acetone extracts were assayed on the isolated uterus of 
the oestrous rat, An aerated 15 ml. bath of de Jalon’s fluid containing atropine (10~—") at 28-29° C 
was used. On many occasions the extracts were also assayed on the rat colon suspended in a 
similar bath at 20° C. Usually both preparations were sensitive to 10-20 ng of 5-HT (i.e. 10-° g). 
The specificity of the action was checked by using one of the 5-HT antagonists, lysergic acid di- 
ethylamide (L.S.D.), brom-L.8.D. (BOL 148), and dihydroergotamine, as well as by using the 
antagonistic action of large doses of 5-HT itself. On occasion, the 5-HT-like action was further 
checked by incubation with chymotrypsin, a ure which hydrolyses polypeptides leaving 
5-HT unaffected. In most of the tests, paper chromatography eliminated the possibility that the 
active substance in the extracts was tryptamine. Elution of the 5-HT areas enabled estimates to 
be made by this process. The standard 5-HT was used as the creatinine sulphate, but all values 
given in the text refer to the base. , 

Bioassay and identification of histamine. The trichloroacetic acid extracts were assayed on the 
guinea-pig ileum suspended in an aerated 15 ml. bath of Tyrode solution containing atropine 
(10-7) at 37° C. The specificity of the action was checked by using mepyramine (10~*). The hista- 
mine values given refer to the base. 

The value of each amine shown in the tables represents the mean of the results obtained from at 
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least five extracts of samples of tissue obtained from different animals or groups of animals. There 
was considerable variation (up to 20%) in the amounts of extractable amine from many tissues. 

Paper chromatography. Extracts made either with acetone or with trichloroacetic acid were 
chromatographed on paper using 10% (w/v) NaCl-1% (v/v) acetic acid mixture (Curzon, 1955) 
or n-butanol-acetic acid—water mixture (4: 1:5) as solvents. The former solvent permitted separa- 
tion of 5-HT from urea which alwayeoveriagped 5-HT in we aetter solvent (see Table 1). Chromato- 
grams were developed for 5-HT using p thylami hyde solution. 

Histological examination. Fresh tissue spreads were made from many specimens and fixed in 
absolute alcohol. They were then stained with toluidine blue (0-1% (w/v) aqueous), washed with 
50% (v/v) alcohol and taken through xylene before mounting. Small portions of other tissues 
were sectioned and stained as described previously (Riley & West, 1953). In the tables, the mast- 
cell count is recorded on a relative scale of 0 to + + + +. 


Tasce l. R, values of certain substances when chromatographed on paper in two solvents 


Ry, value 
Solvent ‘Histamine Urea Tryptamine 
Butanol-acetic acid 0-11 0-38 0-40 0-54 
NaCl-acetic acid 0-90 0-38 0-78 0-54 


Taste 2. 5-HT content (ug/g) of the abdominal skin of different species compared with the 
relative mast-cell content and the histamine content (ug/g) 


Species 5-HT Mast cells Histamine 

Guinea-pig <0-02 + 3 

<0-03 ++ 15 
Man <0-03 + 5 
Rabbit <0-04 + 4 
Hamster <0-08 - ++++ 63 
Cat 0-08 ++ 24 
Mouse 0-37 +++ 42 
Rat 1-34 4+ 23 

RESULTS 


5-HT, histamine and mast cells in normal tissues 


Ventral abdominal skin. The results of the assays of skin extracts are shown 
in Table 2. Whereas there is a close relationship between the mast-cell content 
of the skin of different species and the amount of histamine that can be 
extracted from it, no such parallelism exists with the 5-HT values. In 
fact, large amounts of 5-HT are found only in the rat. The mouse is the only 
other animal with a significant amount, but in this case the quantity is quite 
small. 

Ears. It is well known that the ears of different species are richer in hista- 
mine and mast cells than the corresponding abdominal skin, and we therefore 
determined their 5-HT content (Table 3). As with the skin, large amounts of 
5-HT are found only in the ears of the rat and mouse. The ears of dog, hamster 
and cat are rich in histamine and mast cells, but lack 5-HT. Taking the series 
as a whole, there is no relationship between the mast-cell content of ears and 
the amount of 5-HT that can be extracted from them. 
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Spleen. Erspamer (1954) obtained in spleen of different species high con- 
centrations of 5-HT, although splenic 5-HT only represents quite a modest 
part of the total 5-HT content of the body. In the series of animals studied 
here, we found that rabbit’s spleen contains the highest amount both of 5-HT 
and histamine (see Table 4). This species is peculiar in that there are few tissue 
mast cells whereas blood mast cells are common. It is possible, however, that 
the disintegrating platelets may contribute much of the 5-HT found in the 
spleen. 


TaBLe 3. 5-HT content (ug/g) of the ears of different species compared with the relative 
mast-cell content and the histamine content (ug/g) 


Species 5-HT Mast cells Histamine 
Dog <0-03 +++ 42 
Hamster <0-08 +++ 69 
Rabbit 0-11 ++ 20 
Cat 0-13 +++ 52 
Guinea-pig 0-18 + 12 
Rat 1-01 +++ 41 
Mouse 1-12 ++++ 95 


Taste 4. 5-HT content (ug/g) of spleen of different species compared with the relative 
mast-cell content and the histamine content (ug/g) 


Species 5-HT Mast cells Histamine 
Guinea-pig 1-1 0 1 
Rat 2-5 0 2 
27 2 

4-6 7 
Cat 8-5 0 2 

Hamster 20-5 + 13 

Rabbit 24-3 ++ 13 


Taste 5. 5-HT content (ug/g) of lung of different species compared with the relative 
mast-cell content and the histamine content (ug/g) 


Species 5-HT Mast cells Histamine 
Guinea-pig 0-06 +++ 40 
Dog 0-26 ++ 25 
Cat 0-62 +++ 34 
Rat 1-16 + 9 
Rabbit 1-61 + 6 
Hamster 2-75 + 3 
Mouse 2-95 + 2 


Lung. The values for lung are shown in Table 5. Once again there is no direct 
relationship between the 5-HT content on the one hand and the mast-cell 
content and histamine value on the other. For example, the lungs of guinea- 
pig, dog and cat contain much histamine and many mast cells but little 5-HT, 
whereas those of hamster, rabbit, mouse and rat contain little histamine and 
few mast cells but have much 5-HT. The relatively high 5-HT content of rabbit 
lung cannot be accounted for solely by the high blood level of 5-HT, since 
tissues perfused with more than 11. of Locke’s solution before extraction 
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contained only 10% less 5-HT than similar tissue before perfusion. Garven 
(1956) obtained larger differences between the 5-HT contents of perfused and 
unperfused lungs of rabbit, but. her extraction method was different and 
generally yielded lower control values for rabbit lung. 

Taver. By far the most striking result in this tissue is that for the dog 
(Table 6). Here the liver is rich in tissue mast cells and contains much hist- 
amine, but its 5-HT content is no more than that for the cat where histamine 
and mast cells are lacking. In fact, the high 5-HT contents of cat and rabbit 
liver can probably be mostly accounted for by the high blood level of 5-HT in 
these two species. Erspamer (1954), for example, quotes values of 3-8yg/ml. 
blood for cat and 3-5yg/ml. blood for rabbit. 


TaBLx 6. 5-HT content (ug/g) of liver of different species compared with the relative 
maet-cell content and the histamine content (ug/g) 


Species 5-HT Mast cells Histamine 
Guinea-pig <0-06 + 6 
Rat 0-14 0 1 
Hamster 0-22 0 1 
Dog 0-54 24 

bit 0-55 + 3 
Cat 0-56 0 1 
Mouse 0-68 0 | 


5-HT, histamine and mast cells in pathological tissues 

Dog. One of the most striking pieces of evidence that there is a relationship 
between histamine and mast cells in the dog is to be found in mast-cell 
tumours (Cass, Riley, West, Head & Stroud, 1954). Such tumours are 
extremely rich in histamine and heparin and would thus seem ideal for study- 
ing the association of 5-HT and skin mast cells in the dog. Yet acetone extracts 
of five such tumours have failed to reveal more than the very low concentra- 
tion of 5-HT normally present in dog skin, no value being over 0-03,.g/g, 
despite the histamine concentrations being between 250 and 890yug/g. 

Cow. Three biopsy specimens of skin and nodules from a Shorthorn heifer 
with multiple nodules rich in mast cells and histamine have, as with the dog, 
failed to show detectable amounts of 5-HT, whereas histamine values were 
more than ten times those normally present in the skin of this species (11 g/g). 

Man. Specimens of skin from a human case of urticaria pigmentosa and 
from a human mast-cell tumour have also failed to yield amounts of 5-HT 
which exceed those of normal skin (Table 2). It is possible that the skin of 
cases of argentaffinoma may contain raised 5-HT levels, though in this 
disease tissue mast cells are not generally increased in number. 

Varvations in the 5-HT levels in the rat 
_ Regions of the skin. Since regional variations, not only of tissue mast cells 
but also of histamine concentrations, occur in the same animal, we have studied 
the skin from various specialized regions in the rat. It will be seen from the 
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results shown in Table 7 that whereas the histamine content is highest in the 
dorsal skin of the foot, groin skin contains the most 5-HT. The skin of the tail 
contains the least of both amines. However, all areas contain appreciable 
quantities of 5-HT, and when the total amount extracted from the whole skin 
of the adult rat (27g) is compared with the total amount extracted from the 
whole animal (524g) we find that more than half resides in this area of the 
body. To the rat, therefore, it is probable that the 5-HT in the skin is of physio- 
Taste 7, 5-HT content (ug/g) of the skin from different locations in the rat compared 
with the relative mast-cell content and the histamine content (ug/g) 


Skin location 5-HT Mast cells Histamine 
0-33 ++ 16 
Foot (dorsal surface) 101 +++ 40 
Abdomen 1-34 + +e 23 
Tongue from male rats 1-38 ++ 27 
1-51 ++ 29 


Sex. The only tissue in which the 5-HT concentration varies with the sex of 
the rat appears to be the tongue. Here that of the adult female possesses more 
than twice the amount found in the tongue of the male, and in lactation it is 
further raised. The histamine levels are also correspondingly raised. It is well 
known that the female rat uses her tongue extensively in washing both herself 
and her litter, and this finding may give a clue as to the physiological ' impor- 
tance of both amines in the tongue. 

Influence of age. Several workers (e.g. Trethewie, 1947; Riley & West, 1953) 
have shown how the histamine content of a tissue increases with the age of the 
animal, Trethewie further indicated that, whereas foetal lung tissue of the 
guinea-pig contains very little histamine, extremely high values may be found 
during the first days after birth. We repeated this work, estimating both 
histamine and 5-HT, but failed to obtain an increase in the 5-HT level although 
the histamine values agreed with those of Trethewie. We then extended the 
| study to the rat, again estimating both amines in tissues. There is a striking 
, increase in the histamine concentration of the lung (25 times) and of the liver 
(12 times) of the rat at birth, but, in contrast, no corresponding increases have 
| been noted in the 5-HT levels of these tissues. By the sixth day of life the 
, histamine levels have returned to normal (Fig. 1), and thereafter generally 
increase with age, as do the 5-HT concentrations. At weaning, meee, 
another change temporarily occurs in other tissues. 

Hardwick in 1954 showed that the histamine levels in the skin of the rat are 
raised in the few days following weaning, and we have now found that the 
5-HT levels are similarly elevated. This appears to be only a temporary 
increase in the levels of both amines, since the return to normal values is 
| complete in a few days (Fig. 2). No increase in numbers or alteration in appear- 
. | ance of mast cells of the skin occurs during this period. In Table 8 are recorded 
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Age in days (log scale) 
Fig. 1. Influence of age on the histamine content (ug/g) of the lung (@—@) and liver 
( x--~ x) of rate. 


> 
content g/g) 


Age in days (log scale) 

Fig. 2. Influence of age on the histamine content (ug/g) and 5-HT content (ug/g) of the abdominal 

skin of the rat. Note the abrupt increase in both amines at weaning time (indicated by the 
arrow). 


TasBxz 8. Ratios of amine content of tissues of weaned rats to those 
of unweaned litter-mate rats at day 23 (weaning on day 21) 


Tissue 5-HT Histamine 
Dorsal skin of the foot 1-4 (4) 1-9 (3) 
Abdominal skin 1-6.(6) 1-8 
Ears 1-8 (5) 2-1 (4 


Figures in parentheses indicate number of observations. 
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the mean values of the ratios of the amine content of three skin areas taken 
from weaned rats, compared to those from unweaned litter-mate rats at day 23. 
Two days after weaning, therefore, both the histamine and 5-HT levels in the 
dorsal skin of the foot, abdominal skin, and ears (all areas rich in tissue mast 
cells) are nearly twice those in the corresponding tissues of unweaned litter- 
mate rats. The exact cause of these increases is still unknown, though it has 
been related to the stress involved in weaning. A redistribution of the amines 
appears to be unlikely since the histamine and 5-HT contents of the whole 
animal are also temporarily increased at this time. 


Areas of skin where 5-HT is concentrated 

Since over half of the total 5-HT in the adult rat resides in the skin, we have 
attempted to locate the part of the skin where it is concentrated. Methods 
similar to those previously described for studying the localization of tissue 
mast cells and histamine (Riley & West, 1956) have been followed. Most of the 
large, densely staining mast cells of the areolar connective tissue of the 
ventral abdominal skin of the rat can be scraped off from an excised strip 
simply by pinning the strip out on a board (fur downwards) and using an 
ordinary scalpel. Some mast cells do remain in the corium or ‘outer layer’ but 
they are smaller in size and less densely stainable than those removed with the 


TasLe 9. 5-HT content (ug/g) of areas of the abdominal skin of different species compared 
with the relative mast-cell count and the histamine content (ug/g) 


Outer layer Inner layer 
Species 5-HT Mast cells Histamine 5-HT Mast cells Histamine 
Man <0-01 + 14 <0-01 0 4 
Dog <0-02 ++ 29 «= <0-03 + 8 
Guinea- 0 2 0-08 0 3 
Rabbit <0-04 0 3 0-05 0 3 
Hamster +++ 55 <0-08 tor 39 
Cat 0-08 ++ 25 0-07 8 
Mouse 0-68 +++ 50 0-12 + 17 
Rat 1-54 + 13 0-92 toe 32 


scalpel (the ‘inner layer’ or scrapings). Histamine is concentrated in this inner 
layer but 5-HT is concentrated in the outer layer (Table 9). This suggests that 
in the skin of the rat some of the 5-HT is not of mast-cell origin. Evidence to 
- support this conclusion is also provided by using drugs, some of which can 
reduce most of the 5-HT in the outer layer without altering that in the inner, 
whilst others can reduce the histamine in the inner layer without altering the 
5-HT in the outer (Parratt & West, 19575). In the mouse the large mast cells 
are retained by the outer layer and here we find not only most of the histamine 
but also most of the 5-HT. In the dog and cat both mast cells and histamine 
are concentrated in the outer layer, but 5-HT is only to be found in minute 
amounts in the skin of these species. 
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The foot of the rat can also be dissected into parts which can be assayed 
separately. The dorsal surface has already been shown to contain much hist- 
amine and many mast cells with appreciable amounts of 5-HT (see Table 7). 
But 5-HT is present in largest amounts in the pads where histamine and mast 
cells are not concentrated, and this result again suggests that much of the 
5-HT does not reside in mast cells. 


TaBie 10. 5-HT content (ug/g) of areas of the foot of the rat compared with the relative 
mast-cell content and the histamine content (ug/g) 


Area 5-HT Mast cells Histamine 
Bone 0-02 0 6 
Whole foot 0-58 ++ 14 
Dorsal skin 1-01 +++ 40 
Pads 1 + 16 

DISCUSSION 


This a was initiated for two reasons: (1) acid saline extracts of rat skin 
have been shown by Feldberg & Smith (1953) to contain tryptamine-like 
activity; and (2) Bhattacharya & Lewis (1956) obtaimed a release of 5-HT from 
perfused rat skin by using histamine liberators. Since substances releasing 
histamine generally damage tissue mast cells, some of the 5-HT may be 
associated with mast cells in the subcutaneous tissue of the rat. We therefore 
determined the 5-HT levels in the skin and other tissues of different species and 
compared these amounts with those of histamine and with the numbers of 
mast cells. 

It soon became evident that in the series of estimates on extracts of ventral 
abdominal skin of various species this tissue is usually rich in histamine and 
mast cells but lacks 5-HT. There appears to be no relationship between the 
mast cell population of the skin and its 5-HT content, since it is only in the rat 
and mouse that appreciable quantities of 5-HT can be found. The ears present 
a similar picture, 4nd in the lungs there may even be an inverse relationship 
between the 5-HT and histamine contents. 

In the spleen there appears to be an association between the two amines, but 
this does not involve tissue mast cells or even blood mast cells (basophils) 
since these are only abundant in the rabbit. The disintegrating platelets may 
provide the answer since these have been shown to carry both histamine and 
5-HT as well as other amines. In the liver of the dog the mast cells may 
contain the 5-HT but this is not the case in the liver of the cat. Thus it is 
impossible to predict whether a tissue contains 5-HT if only the mast cell 
population is known. 

107 inthe the x0) and-shows: in 
amounts which constitute an important part of the total-5-HT in the body, we 
have attempted to trace its physiological importance. At weaning, for 
example, both 5-HT and histamine levels in the skin are significantly raised. 
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Further, both amine levels are higher in the tongue of the adult female than in 
the male rat. Since these two increases in both amines occur at the same time, 
this strongly suggests an inter-relationship as regards function. At birth, 
however, large increases in the histamine content of both liver and lung occur 
without corresponding increases in their 5-HT content, Thus it is not possible 
to postulate a single physiological mechanism which controls the levels of these 
amines. 

When the skin is divided into two areas—an outer layer containing epidermis 
and some dermis and an inner layer of the remaining dermis and subcutaneous 
tissue—further observations on the location of 5-HT are possible. In the rat, 
histamine and mast cells are concentrated in the inner layer, whereas 5-HT is 
chiefly in the outer layer where mast cells are fewer in number. Thus we feel 
that some 5-HT in the skin of the rat is not in mast-cells. We know that suitable 
doses of reserpine (Parratt & West, 1957 b) can deplete the 5-HT stores in the 
outer layer, leaving that in the inner untouched. A similar story relates to the 
feet of the rat; the pads contain much 5-HT yet little histamine and few mast 
cells, and reserpine likewise may deplete the 5-HT in the pads before that in the 
dorsal skin (where most of the mast cells reside). 

We have not established the function of 5-HT in the skin of the rat. It 
appears to be related to the reaction of the animal to stress, since increases in 
its concentration occur under physiological conditions involving a fresh 
environment (weaning) or an increased use of a tissue (tongue of the female). 
Later work (Rowley & Benditt, 1956; Parratt & West, 1957 a) has shown that it 
may act as one of the mediators of the response of the animal to injections of 
large-molecular-weight substances such as egg-white or dextran. 


SUMMARY 

1. 5-Hydroxytryptamine is not concentrated in tissue mast cells of the 
guinea-pig, dog, man, rabbit, cow, hamster and cat. It may be associated with 
tissue mast cells in the rat and the mouse. 

2. The skin of the rat contains more than half of the total 5-HT of the body. 
There are probably two locations of 5-HT in rat skin, one of which is not tissue 
mast cells. 

3. The 5-HT content of the skin of the rat as well as that of histamine is 
doubled at weaning yet tissue mast cells are not altered in number. 

We wish to thank Upjohn Laboratories, Kalamazoo, for the gifts of 5-HT creatinine sulphate 


and Sandoz Ltd., London, for the supply of L.S.D. and BOL 148. We also thank Mr D. King for 
valuable technical assistance. 
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RELEASE OF 5-HYDROXYTRYPTAMINE AND HISTAMINE 
FROM TISSUES OF THE RAT 
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5-Hydroxytryptamine (5-HT) occurs in many tissues of the rat, but its associa- 
tion with histamine in tissue mast cells remains in doubt. For example, 5-HT 
has been found to be concentrated in areas of the skin where histamine levels 
are low and mast cells are few (Parratt & West, 1957a). Experiments were 
therefore designed to study the changes in the 5-HT and histamine content of 
the tissues of the rat following treatment with drugs. The results reported in 
this paper show that the release of histamine and disruption of mast cells can 
occur without the simultaneous release of 5-HT, and vice versa, and it is most 
unlikely that the mast cells contain any considerable quantity of 5-HT. — 


METHODS 
Groups of five or more male albino rats weighing 100-150 g were used. Preparation of the tissue 
extracts and assay methods for 5-HT and histamine have been described in detail (Parratt & 
West, 1957a), In general, the following tissues were extracted—ventral abdominal skin, ears, 
tongue, pads and dorsal skin of the feet, spleen, lung, liver and brain. The abdominal skin was 
usually separated into two parts—the inner scrapings, which contain most of the larger mast cells, 
and the residue or outer layers where mast cells are smaller and not so numerous. 


The following drugs were used to produce depletion of the tissue amines—polymyxin B sulphate, 
compound 48/80, morphine hydrochloride and reserpine. Reserpine (100 mg) was dissolved in a 
few drops of glacial acetic acid, and then propylene glycol (2:5 ml.), ethanol (2-5 ml.) and water 
(15 ml.) were added. All the other drugs were dissolved in n-saline. 5-HT was used as the 
creatinine sulphate, histamine as the acid phosphate. With the exception of polymyxin B, all 
values in the text refer to the base. 


RESULTS 
Single injection of polymyxin B 
Within a few minutes of a single intraperitoneal injection of polymyxin B 
(2:5 mg/kg), the rat is depressed, respiration is laboured, and some muscular 
weakness is seen. Within 30 min, the characteristic signs of histamine release 
are present (Bushby & Green, 1955). Scratching, erythema of the ears, and 
extensive vasodilatation with slight oedema of the muzzle and extremities 
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occurs in 90°% of the animals, which by this time lie away from each other. 
There is an obvious lowering of body temperature during the period of acute 
shock but, if given abundant drinking water and kept in a warm atmosphere, 
most of them soon recover. Groups of rats were killed at given intervals of 
time after injection. Corresponding control groups of rats received N-saline 
solution. The 5-HT and histamine concentrations in the tissues were estimated 
and calculated as percentages of the control saline-injected values. 

Mast cells. In as short a time as 30 min after the injection, a striking change 
occurs in the mast cells of the peritoneum (Parratt & West, 19576). Whereas 
in the control animals, injected with saline, the mast cell picture is normal, the 
stained spread of mesentery from the test group shows that all the mast cells 
_ have swollen up and some have released most of their granules. The blood 
vessels in the mesenteric windows are dilated. Some hours later irregular 
blobs of metachromatically stainable material appear in the macrophages. As 
might be expected, disruption of the mast cells in regions remote from the 
injection site is less than in the mesenteric cavity, and is often patchy in 
distribution. 

By day 2 (i.e. 24 hr after the injection) there are very few recognizable mast 
cells left in the mesentery. Such mast cells as remain possess a few small 
weakly staining granules situated at the periphery of greatly swollen cells 
(termed ‘ghost cells’). Other cells such as the macrophages and fibroblasts 
exhibit irregular blobs of metachromatically stainable material which are very 


varied in size and shape. The spread of the subcutaneous connective tissue at 


this time shows some disruption of mast cells and scattering of the granules. 

By day 9 further degranulation of the mast cells in the subcutis has taken 
place, particularly those nearer to blood vessels. Swollen ‘ghost cells’ are 
numerous. In the mesentery increased basophilia of the loose mesenchyme is 
prominent and a few new small mast cells have appeared, though they are 
intermingled with macrophages containing masses of material of varying sizes 
from the broken cells—material which by this time is stained much less 
densely by toluidine blue. Six days later (day 15) all the spreads contain many 
small new rounded mast cells with densely staining granules. These mast cells 
have originated from the adventitia of the blood vessels and now mix with the 

“ghost cells’ and macrophages containing debris from the original disruption of 
cells. By day 29, recovery in all areas is almost complete and the histological 
picture is normal. 

Histamine. The high histamine values for the ears, inner layers of abdominal 
skin, the pads and the dorsal skin of the feet fall in 24 hr to approximately 30%, 
of control levels, whereas the loss of histamine is much less in the outer layers 
of the skin. These results are a reflexion of both the number and the reactivity 
of the mast cells in the tissues. Recovery is slow in all areas which by day 29 
contain only about 80%, of their initial histamine (Table 1 and Text-fig. 1). 
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The only other tissue studied which releases histamine under such treatment is 
the lung: by day 2 it has lost about 50%, of its normal content and it requires 
about 13 days for full recovery. 

- 5-H ydrocytry plamine. There is no release of 5-HT except for a small depletion 
of 30%, in the pads of the feet and the inner layers of the skin (Table 1). 
Recovery of 5-HT to normal levels is a rapid process after polymyxin B and 
occupies only a few days. 


Tanz 1. The effect of a single intraperitoneal injection of polymyxin B (2-5 mg/kg) on the 5-HT 
content and histamine content of the skin of the rat, together with the subsequent recovery 
of the amines. All values are expressed as percentages of the control levels 


Day2 Day 9 Day 15 Day 29 

Tissue 5-HT Histamine 5-HT Histamine Histamine Histamine 
Skin, inner la: 70 22 90 53 54 85 
Skin, outer rae 110 71 110 72 82 86 

_ Feet, dorsal skin 115 41 ~* 100 50 52 72. 

Feet, pads 71 39 95 55 43 85 
Ears 100 23 110 42 35 74 


Control 

Text-fig. 1. The changes in the 5-HT (x --- x) and histamine (@—@) contents of the spleen 
(upper curves) and abdominal skin (lower curves) of the rat following a single intraperitoneal 
injection of polymyxin B (2-5 mg/kg, at the arrow). All values are expressed as percentages 
of the control levels. 


Repeated injections of polymyzxin B 

In this group of experiments the rats received 5 doses of polymyxin B 
intraperitoneally. On the first day the dose was 2-5 mg/kg; on the second, two 
doses of 5 mg/kg were given; and on the third, the animals received two doses 
of 7-5 mg/kg: ‘The rats of the first group were killed 24 br after the last dose. 
After each dose, there is erythema and slight swelling of the extremities. 
Maried generalized vasodilatation, however, occurs even after the last dose of 
polymyxin when the skin histamine levels are maximally depleted. 
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Mast cells. Histological examination began on day 4, by which time the 
number of recognizable mast cells has been greatly decreased, even in regions 
remote from the injection site, Such cells as remain are ‘ghost cells’. Many of 
the mast cells lying in the perineurium of the peripheral nerves however escape 
the action of polymyxin B. The numerous granular cells present in each spread 
are macrophages and fibroblasts containing metachromatically stainable 
debris. 

Recovery of mast cells is remarkably slow. By day 11 (i.e. 8 days after the 
last injection), there are large ‘ghost cells’ in the mesenteric windows and 
subcutis, together with a few small new mast cells derived from the adventitia 
of blood vessels and septa of fat cells. The stainable debris in the cytoplasm of 
the macrophages and fibroblasts still predominates in each field (Pl. 1, fig. 2). 
Even by day 29 the picture is by no means normal. The mesentery and sub- 
cutis now contain normal mast cells (hypertrophied small cells), ‘ghost cells’ 
refilling with granules, and clumps of stainable material in the macrophages. 
The subcutaneous connective tissue contains, in addition, many new elongated 
mast cells which lie with their long axes parallel to the vessel walls. By day 56 
the histological picture is almost back to normal; in the mesentery a few of the 
many mast cells have not completely refilled with granules, and some clumps of 
metachromatically stainable material still remain, whereas the subcutaneous 
connective tissue shows complete recovery. 

Histamine. At the end of the injection period less than 6% of the initial 
histamine concentration remains in those areas of the skin which are normally 
rich in mast cells. On the other hand, the depletion is between 30 and 50°, 
in the spleen, lung and liver; in the stomach 75% remains after this treatment. 
This latter finding is of interest, since much of the histamine in the stomach is 
not contained in mast cells. The experiment is noteworthy for the very slow 
rate of recovery of histamine in the skin areas (Table 2 and Text-fig. 2). For 
example, the histamine levels at day 29 are only 30-50% of the control levels, 
and even by day 57 those in the feet and ears are only 60°% of the control 
levels. 

5-Hydroxytryptamime. As in the acute experiment, the inner layers of the 
skin and the pads of the feet are the only areas studied where appreciable 
losses of 5-HT occur. Recovery of these losses occupies about 25 days (Table 2). 


Injections of compound 48/80 
In the first set of experiments with this drug two doses of compound 48/80 
were injected intraperitoneally, one of 1 mg/kg in the morning and one of 
2 mg/kg in the afternoon. One group of rats was killed 24 hr later, the 
remainder being killed after further intervals of time. Depletion of both 
amines to about 40% of the control values occurs in the abdominal skin, the 
ears and the dorsal skin of the foot, accompanied by widespread degranulation 
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and disruption of the many mast cells in these areas. On the other hand, no 
release of either amine occurs from the spleen, lung or liver—areas where mast 
cells are scanty in distribution. The 5-HT content (0-42.g/g) and histamine 
content (0-41yg/g) of the brain are also unchanged by this treatment with 
compound 48/80. The results for abdominal skin are shown in Text-fig. 3 and 
contrast sharply with those for spleen. The return of both amines to most areas 


Taste 2. The effect of five intraperitoneal injections of polymyxin B (over 3 days) on the 5-HT 
content and histamine content of the skin of the rat, together with the subsequent recovery 
of the amines. All values are expressed in percentages of the control levels 


Day 4 Day 11 Day 29 Day 57. 

Tissue 5-HT Histamine 5-HT Histamine 5-HT Histamine Histamine 
Skin, inner layers 55 3 58 22 110 47 100 
Skin, outer layers 90 14 100 44 91 68 96 
Feet, dorsal skin 83 6 83 22 100 52 63 
Feet, pads 30 ll 46 15 78 27 45 
Ears 102 4 100 18 100 38 60 


Control fff Days 


Text-fig. 2. The changes in the 5-HT ( x- - - x) and histamine (@—@) contents of the spleen 
(upper curves) and abdominal skin (lower curves) of the rat following five doses of polymyxin B 
(at the arrows), All values are expressed as percentages of the control levels. The time scale 
differs from that used in the other figures. 


of the skin is almost complete by day 5 (4 days after the last injection) by 
which time the degranulated cells have refilled with metachromatically stain- 
able granules. In contrast, the return of both amines to the dorsal skin of the 
foot is slower, over 12 days being required for complete recovery. This slow 
recovery in the feet has been noted previously for histamine (Feldberg & 
Talesnik, 1953; Riley & West, 1955), and it is important to note that the 
return of 5-HT in this tissue follows very closely that of histamine. 
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In the second set of experiments with compound 48/80, seven doses were 
injected intraperitoneally, as follows: 


Dose of 48/80 (mg/kg) 
Day... I 2 3 4 
Morning 1 2 4 5 
Afternoon 2 3 5 


Oedema of the extremities was seen in all animals after about the third 
injection, but this decreased as the dose was increased until few symptoms 
were noted after the last dose. The rats of the first group were then killed 8 hr 
later (i.e. on day 4), By this time mast cells in the skin are no longer intact 
and histamine depletion is maximal. Depletion of 5-HT, however, is no more 


Text-fig. 3. The changes in the 5-HT ( x - --x) and histamine (@—@) contents of the spleen 
(upper curves) and abdominal skin (lower curves) of the rat following two intraperitoneal 
injections of compound 48/80 (at the arrows). All values are expressed as percentages of the 
control levels. | 


than that found following only two doses of compound 48/80. (compare 
Text-figs. 3 and 4). Again no release of either amine occurs from the spleen, 
liver or brain. When the skin is divided into specialized areas, histamine 
depletion is found to be general, whereas the loss of 5-HT is relatively small in 
certain areas (Table 3). In the outer layers of the skin, for example, compound 
48/80 has disrupted mast cells, releasing histamine (values down to 7% of 
control), but 60% of the 5-HT remains (sec also Text-fig. 7). This remaining 
5-HT does not therefore appear to be of mast cell origin. The return of the 
amines to these tissues takes about 28 days (Table 3), both amines returning at 
about the same rate and closely following the production of new mast cells. 
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Taste 3. The effect of seven intraperitoneal injections of compound 48/80 (over 4 days) on the 
5-HT content and histamine content of the skin of the rat, and the subsequent recovery of 
the amines. All values are expressed as percentages of the control levels 


Tissue 5-HT Histamine 5-HT Histamine 5-HT 
Skin, inner layers 15 13 — 
Feet, dorsal 36 4 73 40 110 100 
Feet, pads 21 4 37 ro = 00 
Ears 26 6 66 3 = 0 
50 85 110 
1 


Control Days 
Text-fig. 4, The changes in the 5-HT ( x - - - x) and histamine (@—@) contents of the spleen 


(upper curves) and abdominal skin (lower curves) of the rat following seven doses of compound 
48/80 (at the arrows). All values are expressed as percentages of the control levels. 


Injections of morphine 

Morphine is known to release histamine in mammals (Feldberg & Paton, 
1951; Evans, Nasmyth & Stewart, 1952), and recently it has been shown to 
release 5-HT from perfused tissues of the rat (Bhattacharya & Lewis, 1956a). 
We have therefore given groups of rats repeated injections of morphine (each 
of 20 mg/kg) and then examined the tissues for amine levels. As in the experi- 
ment with compound 48/80, seven doses have been given over 4 days and the 
rats of the first group have been killed 8 hr after the last injection. Reduction of 
histamine to 60-80 % of the control values occurs in most tissues (Table 4) and 
this is accompanied by patchy mast-cell degranulation in the skin areas. Yet 
the only major change in the 5-HT levels is in the outer layers of the skin and 
the pads of the feet. In these two areas, where mast cells are scarce, morphine 
releases about 50% of the 5-HT present, and it appears probable that most of 
this released 5-HT is derived from locations other than mast cells (see also 
Text-fig. 7). The return of both amines to all depleted areas is complete in 
5 days, the time expected from degranulated but not disrupted mast cells 
12 PHYSIO. OXXXVII 
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(West, 1956). Thus morphine differs from polymyxin B and compound 48/80 
in the following ways: (1) it has little damaging effect on tissue mast cells and 
therefore releases less histamine; (2) it releases 5-HT from areas of the skin 
where mast cells are scarce; and (3) it does not produce visible tissue oedema. 


Tastz 4. The effect of seven intraperitoneal injections of morphine on the 5-HT content and 
histamine content of tissues of the rat. All values are expressed as percentages of the control 
levels 


Tissue 5-HT Histamine 
Skin, inner layers 100 
Skin, outer la 50 100 
— 
Ears 100 63 
Tongue 100 80 
Injections of reserpine 


Reserpine causes a conspicuous decrease in the 5-HT content of blood plate- 
lets, spleen and intestinal tract of rats (Erspamer, 1956). More than half of the 
total 5-HT of the rat, however, resides in the skin. Groups of rats therefore 
have received single or multiple doses of reserpine to study the release of 5-HT 
in this tissue. Other groups similarly treated have been left for given times 
after the injections so that the return of the tissue amines may be studied. 
Control groups of rats received only the reserpine solvent. 

The results shown in Table 5 indicate that a single dose of 0-1 mg/kg produces 
little histamine release but a reduction of about 50% in tissue 5-HT, from the 
same two tissues which responded to morphine treatment—outer layers of the 
skin and pads of the feet. No visible mast-cell damage or degranulation occurs. 
Splenic 5-HT levels are much depleted, only 16°% of the control value remain- 
ing. When the dose of reserpine is increased one hundred times, the rats tend to 
isolate themselves and sleep much of the day. Further losses of 5-HT from 
most skin areas result but mast-cell damage and histamine loss are minimal. 
Traces of spilling of the granules may be occasionally seen but no oedema. The 
return of the 5-HT to normal levels takes place in 4 days following the small 
dose of reserpine, and in about 12 days following the larger dose (see Text- 
fig. 5). The spleen is one of the last tissues to regain its original level of 5-HT. 
Repeated injections of the high dose (10 mg/kg) gives maximal depletion of 
the 5-HT, values for skin and spleen then being under 10% of normal (Text- 
figs. 6, 7). Even lung, liver and brain show marked depletion of 5-HT follow- 
ing this dosage of reserpine. Thus reserpine is a more powerful depleter of 
tissue 5-HT than compound 48/80. On the other hand, the maximum release 
of histamine by reserpine is no more than 34 % in any tissue except the spleen. 
In the skin some mast-cell degranulation can be seen following this dosage of 
reserpine and also spilling of the granules into the subcutaneous area (PI. 1, 
fig. 3), but it is never extensive. 
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Tanz 5. The effect of intraperitoneal injections of reserpine on the 5-HT content and histamine 
content of tissues of the rat. All values are expressed as percentages of the values obtained 
from solvent-treated control rats. Animals killed 24 hr after the last injection 


Dose of reserpine 
0-1 mg/kg 10 mg/kg 
4doses dose 4 doses 
Tissue 5-HT Histamine 5-HT Histamine 5-HT Histamine 5-HT Histamine 
Abdominal skin, inner 100 100 110 100 35 92 6 66 
la 
Abdominal skin, 48 100 80 83 20 86 3 72 
outer layers 
Feet, dorsal skin 91 100 100 91 89 90 18 92 
Feet, pads 48 100 15 100 56 95 ll 85 
Ears 61 67 60 67 56 80 s 81 
Tongue 60 90 90 90 50 100 12 100 
Spleen 16 62 37 62 5 17 2 40 
Lung 60 100 60 100 60 90 8 91 
Liver 86 100 90 100 73 100 27 100 


Text-fig. 5. The changes in the 5-HT (x-- - x) and histamine (@—@) contents of the spleen 
(upper curves) and abdominal skin (lower curves) of the rat following a single intraperitoneal 
injection of reserpine (10 mg/kg, at the arrow). All values are expressed as percentages of the 
values obtained for solvent-treated control rats. 


Recovery of 5-HT after repeated doses of reserpine (10 mg/kg) is slow, 
particularly in the skin (Text-fig. 6) and pads of the feet. Whereas histamine 
levels return to normal in under 12 days, the 5-HT level in the skin at day 25 is 
still only 62% of the normal level. 

To indicate that 5-HT is not necessary for the release of histamine by com- 


pound 48/80, we have given rats two doses of 10 mg/kg reserpine — 
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subjected them to two doses of the histamine releaser (1 and 2 mg/kg). They 
were killed 24 hr later and their tissues assayed. The results shown in Table 6 
illustrate that this reserpine treatment produced 83% depletion of skin 5-HT 
and 17% depletion of skin histamine. Subsequent treatment with compound 
48/80 released only histamine (depletion now 76%). 3 


Text-fig. 6. The changes in the 5-HT ( x - - - x) and histamine (@—@) contents of the spleen 
(upper curves) and abdominal skin (lower curves) of the rat following four doses of reserpine 
(at the arrows). All values are expressed as percentages of the values obtained for solvent- 
treated control rate. 


1 100 


Values as percentages of control 


Inner inner Outer 
Compound Reserpine 


48/80 
Text-fig. 7. The effects of intraperitoneal injections of different substances on the 5-HT (()) and 


histamine (™) contents of parts of the abdominal skin of the rat. All values are expressed as 
percentages of the control levels. 
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Tas_E 6, The effect of two injections of reserpine, followed by two injections of compound 
48/80, on the 5-HT content and histamine content (ug/g) of the abdominal skin of the rat 
(for doses, see text) 


5-HT 1-68 0-29 83 0-22 87 
Histamine 23 19 17 5-5 76 
DISCUSSION 


The hypothesis that 5-HT is a natural constituent of the mast cell of the rat 
(Benditt, Wong, Arase & Roeper, 1955) has received indirect support from the 
findings of Bhattacharya & Lewis (1956a) on perfused tissues and from our 
own preliminary experiments using compound 48/80 (Parratt & West, 1956). 
The results in the present paper show, however, that only a small part, if any, 
of the 5-HT content of the skin can be associated with tissue mast cells and 
therefore with histamine. For example, polymyxin B releases a maximal 
amount of histamine from most areas of the rat with complete disruption of 
tissue mast cells yet has little or no effect on the tissue 5-HT from the same 
areas. Conversely, reserpine releases a maximal amount of 5-HT from most 
areas of the rat (including the lung, liver and brain) yet has little or no effect 
on tissue mast cells or on tissue histamine in general. Of nine tissues tested, 
only in the spleen did reserpine lower the histamine content; since it did this 
in a manner apparently not related to the dose, the significance of this anomaly 
is obscure. When both 5-HT and histamine are released, as for example follow- 
ing administration of compound 48/80, we conclude that they do not originate 
from the same cell, and further that the release of one amine is not dependent 
upon the release of the other. 

A histamine-releaser like polymyxin B releases maximal amounts of hista- 
mine in the rat with only a small release of 5-HT. Compound 48/80 likewise 
releases maximal amounts of histamine in the rat but it is a much more active 
releaser of 5-HT. A further difference between the effects of polymyxin B and 
compound 48/80 is seen when the recovery of the amines after depletion is 
traced. Whereas in rats injected with compound 48/80 the depletion of hista- 
mine is made good in 28 days, a much longer recovery phase is needed follow- 
ing polymyxin B treatment. We do not know why this is so, but histological 
studies provide a possible explanation. Metachromatically stainable material 
from disrupted mast cells resides in the tissves for over a month following poly- 
myxin B treatment, and these irregular blobs of material in macrophages may 
not be functional. The uptake of histamine by this material may be reduced 
from the normal rate, or even the production of fresh mast cells may be retarded. 
Nevertheless, there is a close relationship at all times between the histamine 
content of the tissue and its complement of new mast cells. It is probable that 
a stable complex forms between heparin and polymyxin B so that the heparin 


After Percentage 
Amine Controls reserpine depletion 48/80 depletion 
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which is retained by the tissue when the mast cells are initially disrupted is 
unable to remove histamine from the circulating blood. It would thus be 
valuable to estimate the heparin content of the tissues following polymyxin 
treatment, and work along these lines is in progress. 

The mode of action of reserpine in depleting a tissue of its 5-HT appears to 
be different from that of compound 48/80. Whereas reserpine depletes all 
tissues of their 5-HT, compound 48/80 releases 5-HT from many tissues but 
fails to do so from the spleen, liver, lung and brain. The rates of return of 5-HT 
to the skin areas following depletion also differ considerably (compare Text- 
figs. 3 and 5). A side-effect which may be of importance in reserpine treatment 
is depletion of the catechol amines of the adrenal gland. The time course of this 
depletion and subsequent recovery of the catechol amines is remarkably 
similar to that of the depletion and subsequent recovery of the tissue 5-HT 
(Mann, M., Parratt, J. R. & West, G. B.; Oral Communication to British 
Pharmacological Society, July 1956). After large doses of reserpine, this 
recovery of tissue 5-HT is extremely slow in nearly every tissue studied, despite 
its rapid turnover. This may be taken as evidence in support of the hypothesis 
put forward by Brodie, Pletscher & Shore (1955) that reserpine acts by causing 
an alteration in the 5-HT-binding capacity of the cells—an effect persisting 
long after reserpine can be detected in the tissues. It is unlikely that 5-HT is 
released by reserpine per se, since intra-arterial injections of the drug do not 
release 5-HT from the perfused hind quarters of the rat (Bhattacharya & 
Lewis, 19565). 

That there are large amounts of releasable 5-HT in the skin of the rat tempts 
us to analyse its possible physiological function in this area. Both reserpine 
and histamine releasers (especially polymyxin) would serve as valuable tools in 
this elucidation. Feldberg & Smith (1953) showed that 5-HT is itself a hista- 
mine releaser and some of our own observations have indicated that this 
release can occur without visible effect on the mast cells. Both Feldberg & 
Smith (1953) and Bhattacharya & Lewis (1956a) have raised the question as to 
whether the release of histamine is dependent upon, or even influenced by, 
the release of 5-HT. These latter workers found that in perfused tissues the 
release of 5-HT by the so-called histamine releasers precedes that of histamine 
(also see Text-fig. 4). The present results show that rats treated with reserpine 
to deplete 5-HT stores in the body still release histamine when injected with 
the histamine releasers (Table 4). It is unlikely, therefore, that the release of 
histamine is dependent upon an initial release of 5-HT. 

Using reserpine treatment, we have now a method of depleting the 5-HT 
content of a tissue, leaving the histamine content almost normal. This treat- 
ment therefore allows a study of the reactions of the 5-HT-depleted tissues of 
the rat in much the same way as Feldberg & Talesnik (1953) studied reactions 
in the histamine-depleted tissues using compound 48/80. Later work suggests 
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that the 5-HT release is the major cause of the oedema reaction occurring in 
rats following treatment with large-molecular-weight substances like dextran 
and egg-white, and the amine may be of more widespread importance in the 
reaction of the tissue to injury (Parratt & West, 1957c). 


SUMMARY 


1. The release of 5-HT and histamine in the rat by polymyxin B, compound 
48/80, morphine and reserpine has been studied with particular reference to 
the tissue mast cells. 

2. Results show that whereas histamine is chiefly contained in the mast cells 
of the skin of the rat, much of the 5-HT is not similarly held. 

3. With polymyxin B, the rat can be depleted of its histamine with but 
little effect on its 5-HT content. With reserpine, the rat can be depleted of its 
5-HT with but little effect on its histamine content. Both drugs provide 
valuable tools for the study of the physiological functions of histamine and 
5-HT. 
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Ciba Ltd., Horsham, for the reserpine, Burroughs Wellcome Ltd., London, for compound 48/80, 
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valuable technical assistance. 
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EXPLANATION OF PLATE 
Mast cells in the subcutaneous connective tissue of the rat: toluidine blue. 


Fig. 1. Normal rat. 

Fig. 2. Eleven days after five doses of polymyxin B. This tissue contains only 25 % of its histamine 
content but 88% of its 5-HT content. Note the reduced number of mast cells; those that 
remain are ‘ghost cells’, whilst other stainable debris is contained in macrophages. 

Fig. 3. Twenty-four hours after a single dose of reserpine (10 mg/kg). This tissue contains 88 % of 
its histamine content but only 25% of its 5-HT content. Note the swelling of some mast cells 
and slight spilling of the granules. 
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ACTION POTENTIALS OF SINGLE INTRAFUSAL 
MUSCLE FIBRES OF FROGS 


By K. KOKETSU anp 8. NISHI 
From the Division of Psychiatry, Neuropsychiatric Institute, University of 
Illinois, College of Medicine, Chicago, Illinois, U.S.A. 
and Department of Physiology, Kurume University, 
School of Medicine, Kurume, Japan 


(Received 12 January 1957) 


It is known that two distinct nerve-muscle systems exist in the organization 
of a frog’s skeletal musculature. One is the twitch system, in which large 
motor nerve fibres are responsible for initiation of propagated muscle impulses 
and quick contractile responses of ordinary muscle fibres. The other is the small 
nerve system in which small motor nerve fibres produce localized electrical 
responses and slow contractions in slow muscle fibres (Tasaki & Mizutani, 
1944; Tasaki & Tsukagoshi, 1944; Kuffler, Laporte & Ransmeier, 1947; 
Kuffler & Vaughan Williams, 1953, 5). 

It has been shown that there exist in the mammal also two distinct nerve- 
muscle systems in the skeletal musculature. The large motor nerve fibres 
set up the familiar motor unit twitch responses and the small motor nerve 
fibres increase the sensory discharges from muscle spindles, which consist of a 
number of so-called intrafusal muscle fibres (Matthews, 1933; Kuffler, Hunt 
& Quilliam, 1951; Hunt & Kuffler, 1951). Kuffler & Vaughan Williams (19536) 
recently emphasized the close analogy between the mammalian small-nerve 
spindle system and the frog small-nerve tonus system. It is significant that the 
frog nerve spindle system is not analogical to the mammalian nerve spindle 
system. Katz (1949) investigated the efferent regulation of the muscle 
spindle in the frog and found that the intrafusal muscle fibres receive their 
innervation from both ordinary large and small motor nerve fibres which also 
supply the extrafusal muscle fibres. 

Now it is proposed to make a study of the physiological properties of the 
membrane and the mode of neuromuscular transmission in the intrafusal 
muscle fibres and to compare them with those of the slow and twitch muscle 
fibres. The purpose of this experiment is to record the action potentials of 
single intrafusal muscle fibres and to investigate the manner of neuromuscular 
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transmission in the motor nerve spindle system of the frog. Membrane charac- 
teristics of the intrafusal muscle fibre will be compared with those of the twitch 
and slow muscle fibres. 

During the course of these experiments a note, describing intracellular 
recording from intrafusal muscle fibres in toads, was published by Eyzaguirre 
& Vial (1956). They obtained resting and spike potentials which are larger 
than those obtained in the present experiment. The discrepancy between their 
findings and the present results will be discussed in the section, ‘Discussion’. 


METHODS 


Preparations. M. extensor longus digitorum IV, together with N. peroneus, were dissected 
from summer frogs of the species Rana nigromaculata. As described by Katz (1949), this muscle 
has two or three intrafusal bundles, each composed of a number of small fibres along which several 
spindles are distributed in series. The muscle spindle, particularly its equatorial region, can easily 
be seen through a dissecting binocular microscope ( x 60), although it is difficult to follow the 
individual single intrafusal muscle fibres without isolation of the intrafusal muscle bundle. In 
general, a branch of N. peroneus lateralis approaches the proximal half of the muscle and divides 
into two or three twigs before entering it. As shown in schema 5 of Fig. 1, one or two twigs of 
nerve were cut just before they entered the muscle and only one twig remained. A bundle of 
intrafusal muscle fibres connected to the remaining nerve twig was marked and isolated by needles. 
It was impossible to trace the connexion between the muscle spindle and nerve fibres in detail. 
Usually, the spindle nerve trunk was connected to a muscle spindle near the equatorial region. 
The bundle of intrafusal muscle fibres was isolated for a distance of 1-5 mm near the equatorial 
region of the muscle spindle. After completion of the isolation process, stimuli were applied to the 
peroneus nerve to ascertain the connexion between the remaining nerve twig and the isolated 
intrafusal bundle. Visible contraction of the isolated intrafusal muscle is easily observed under the 
dissecting microscope when the isolation is successful. 

Experimental arrangements. Upon completion of successful isolation, preparations were arranged 
in three different ways as shown in Fig. 1, 1-3. Arrangement | is for recording intracellularly the 
potential changes produced by nerve or direct stimulations. A micro-electrode was inserted into a 
single intrafusal muscle at the isolated region under visual control of a dissecting microscope 
( x60). Nerve stimuli were applied to the peroneus nerve from pulse generator, (Fig. 1). 
To record potential changes induced by direct stimulation, a single-barrelled electrode was used 
both for recording of potentials and passage of stimulating currents (Araki & Otani, 1955). The 
Wheatatone bridge circuit shown in Fig. 1, 4, was used to nullify stimulating artifacts. For direct 
stimulation of intrafusal muscle fibres, square current pulses in the order of 2-4 x 10-* A must be 
applied through the membrane. It is desirable for the resistances of micro-electrodes to be low 
when using current pulses of this order; when they are high, instantaneous artifacts become con- 
spicuous and the resistances of micro-electrodes change and fluctuate during the passage of steady 
direct currents, particularly when the micro-electrode is positive (outward current) The resistances 
of micro-electrodes used in this experiment were between 10 and 20 MQ. At 20 MQ, the resistance 
of the micro-electrode usually changed during the passage of outward direct currents of more 
than 2x10-* A. In Fig. 1, 4, resistance R, was shunted when micro-electrodes were used and 
the strength of currents applied through micro-electrodes was measured as a potential with 
resistance R,. 

Arrangement 2 was used for extracellular recording of the action potentials induced by nerve 
stimulation. In this case, nerve stimuli were applied by pulse generator, and the Wheatstone 
bridge circuit was not used. 

Arrangement 3 was used for extracellular recording of the action potentials induced by direct 
stimulation applied through outside large electrodes. Nerve stimuli were given from pulse 
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generator, and two electrodes were used both for recording potentials and for the application 
of stimulating currents. Electrical artifacts were cancelled by balancing the Wheatstone bridge 
circuit. It was impossible to avoid completely the electrical artifacts caused by the capacitances 
of the preparations, although they were minimized by the use of a variable resistance R, and 
capacitance C,. In this case, resistance R, is shunted and resistance R, is opened. 

Micro-electrodes. All micro-electrodes used in this experiment were made of Pyrex tubing 
(diameter 1-5 mm). They were filled with 3 m-KCl by the boiling method. Tip diameters and 
resistances were carefully checked; only micro-electrodes with a tip diameter of less than 0-54 
and a resistance between 10 and 20 MQ were chosen. High frequency distortion caused by stray 
capacitance of micro-electrode and input lead was minimized by the use of a positive feed-back 
circuit incorporated in a cathode follower input amplifier. 

Solutions and temperature. Frog Ringer's solution of the following composition was used 
(mm: NaCl, 112; KCl, 2-0; CaCl,, 1-8; NaHCO,, 2-4). All experiments were conducted at room 
temperature (23-35° C) in summer. 

To cathode follower input stage 
1 for potential recording 
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Bundle of intrafusal muscle fibres 


Intramuscular nerve trunk \ SP! ( she 

M 

Perspex block N. peroneus lat. motor fibres) 

Fig. 1. Schematic drawings of (1-3) three different experimental arrangements of preparations; 
(4) input electrical circuits for both recording and stimulating; and (5) isolated single muscle 
spindle, In 1 and 2 preparations are fixed on cork blocks mounted on the bottom of glass 
dishes. The experimental arrangement shown in 3 was kept in a large moist chamber. A 
micro-electrode (A in 1), chlorided silver wire electrodes (B in 1, A and B in 2) and agar- 
Ringer bath electrodes connected to chlorided silver wires (C in 1 and 2, A and C in 3) were 
connected to the electrical circuits shown in 4; A, B and C in 1-3 to A, B and C in 4, respec- 
tively. In 4, resistances R,—R, are 100 MQ, 2 kQ, 0-5 kQ, 500 kQ, 1 MQ and 2 MQ, respec- 
tively, and condenser C, is 0-01 »F. In 5, the size of a single isolated muscle spindle and its 
nerve supply are exaggerated. The bundle of intrafusal muscle fibres and spindle nerve trunk 
are not as clear in fresh preparations as shown here. 
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RESULTS 
Resting potential 

A bundle of intrafusal muscle fibres contains two or more thin muscle fibres 
surrounded by thick connective tissue. It was not difficult to insert micro- 
electrodes into a single intrafusal muscle fibre (diameter is 10-15), even 
though the barrier of surrounding connective tissue offered some opposition. 
Micro-electrode resistances were checked repeatedly during insertion to 
determine tip breakage and/or any obstacles of connective tissue. Any but the 
most careful insertion of the micro-electrode might seriously injure the mem- 
brane of the thin intrafusal muscle fibres. Furthermore, visible contractions of 
muscle fibres were produced by applying direct or nerve stimulations, which 
increased the possibility of membrane damage. Resting potentials were 
observed constantly during insertion of the micro-electrode as an index of 
membrane injury. Resting potentials frequently dropped down, either sud- 
denly or gradually, particularly when contractions of muscle fibres were set up. 
In these cases, the possibility of serious membrane injury or dislocation of the 
micro-electrode was taken into consideration when interpreting recorded 
action potentials. The initial resting potentials were usually 35-45 mV; 
40 mV was most frequently observed. In many cases, resting potentials were 
remarkably steady despite the small diameter of muscle fibres and the occur- 
rence of visible contractions. 


Action potentials elicited by nerve stimulations 

When steady resting potentials were obtained, stimuli were applied to the 
peroneus nerve and membrane potential changes were recorded intracel- 
lularly. Two kinds of electrical responses were observed. One is small compared 
with the resting potentials and the size of this response fluctuates during 
repetitive stimulation. By giving two successive nerve stimuli, these responses 
were enhanced by summation. These potentials were easily recorded wherever 
micro-electrodes were inserted at the isolated region of a bundle of intrafusal 
muscle fibres, but they showed different sizes and configurations at different 
positions, suggesting that these potentials are non-propagated local electrical 
responses produced from restricted junctional regions of muscle membrane. 
They resemble the end-plate potentials (e.p.p.’s) of twitch muscle fibres or 
small-nerve junctional potentials (s.j.p.’s) of slow muscle fibres. These poten- 
tials can be called intrafusal junctional potentials (i.j.p.’s). 

The other type of electrical response is large and always overshoots the 
resting potential. These potentials were initiated in all-or-none manner when 
i.j.p’s reached a critical potential level (about 15 mV). They resemble the 
muscle spike potential of twitch muscle fibres in their electrical properties. 
This potential can be called the intrafusal muscle spike potential. 
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The junctional and spike potentials obtained from two different preparations 
of intrafusal muscle fibres are shown in Fig. 2. In many preparations, the 
spike potentials were not induced by single nerve stimulation, but were 
elicited by summation of two junctional potentials as shown in Fig. 2. The 
e.p.p. and spike potential of twitch muscle fibres and the s.j.p. of slow muscle 
fibres were recorded from M. iliofibularis under conditions identical with the 
present experiment. These three different potential changes are also shown in 
Fig. 2. 
Multiple innervation. Close inspection of an i.j.p. always reveals inflexions on 
the rising and falling phases of the potential. Such a characteristic is similar 


3 | J 


4 | 8 
SSD 
Fig. 2. Record 1 is the e.p.p. of a twitch muscle fibre; muscle spike potentials are blocked by 

previously applied tetanic stimulation. In record 2, a twitch muscle spike potential is elicited 
by two successive nerve volleys; resting potential (85 mV) is shown by double traces. Record 
3 is the 8.j.p. of slow muscle fibre. Record 4 is an example of typical i.j.p. of intrafusal muscle 
fibre. Records 5-8 are obtained from another intrafusal muscle preparation ; records 5 and 6 
are the junctional and spike potentials, and records 7 and 8 are the same as records 5 and 6 
respectively, but recorded on a slower time base. Records 5 and 7 are recorded at high 
amplification. In records 6 and 8, spike potentials are not elicited by single nerve volley, 
but initiated by two successive nerve volleys; resting potential (40 mV) is shown by double 
traces, Vertical lines are the calibration of the amplitude; 10 mV in records 1, 3 and 4, and 
5 mV in records 5 and 7. Time marker: 60/sec in all records except records 5 and 6 (1 msec). 
Potential changes referred to in this paper were obtained by single exposure or superimposed 
exposures while stimuli were given repeatedly. , 
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to that of the s.j.p.’s of slow muscle fibres (Kuffler & Vaughan Williams, 
1953a), and suggests that individual intrafusal muscle fibres receive multiple 
innervation from motor nerve fibres. According to Katz’s description (1949), 
the muscle is supplied by about a dozen nerve fibres, and before entering the 
muscle the nerve divides into a few twigs of which the proximal one often 
contains a motor and two sensory nerve fibres. No histological investigation 
was made in the present experiment to determine the number of motor nerve 
fibres contained in an isolated one-nerve twig. In many preparations, the size 
of i.j.p.’s was not enhanced by increasing the strength of nerve stimuli, which 
suggests that these intrafusal muscle fibres may be innervated by only one 
motor nerve fibre. Two examples of the i.j.p. shown in the left-hand column 
of Fig. 3 were obtained from two different muscle fibres which may receive 
innervation from one motor nerve fibre. The inflexion can be seen on both the 


Fig. 3. Records of i.j.p.’s showing evidence of multiple innervation. Records 1 and 2 are the same 
potential changes but record 2 is at higher amplification and on a faster time base. Records 
3 and 4 are obtained from another preparation; record 4 is on a faster time base. Inflexions 
are seen on the rising and falling phases of the potentials, particularly in the records obtained 
on the faster time base. Records in right-hand column were obtained from another prepara- 
tion; record 5 is the i.j.p. produced by just threshold nerve stimulation and records 6-8 were 
obtained by gradually increasing the strength of stimulation. Note the inflexion seen on the 
rising phase of record 5. Nerve stimuli were applied at a frequency of 20/sec. Vertical lines: 
5 mV in record 2 and in all records of right-hand column, and 10 mV in records 1, 3 and 4. 
Time marker, 60/sec in records 1 and 3, 1 msec in records 2, 4, and all records of right-hand 
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rising phase and the falling phase (record 2) These multiple responses cannot 
be separated by changing the strength of nerve stimulations. 

In some preparations, the size of i.j.p.’s can be changed and enhanced step- 
wise by applying stimuli of different strengths to the nerve, as shown in the 
right-hand column of Fig. 3. This suggests that these intrafusal muscle fibres are 
innervated from two or three motor nerve fibres with different thresholds. 
Record 5 of Fig. 3 was obtained by applying just-threshold nerve stimuli. Close 
inspection of this record still reveals an inflexion on the rising phase. The single 
muscle spindle contains two or more intrafusal muscle fibres, and all of them 
may receive multiple innervation from one or more motor nerve fibres. 

Size and time course of junctional potentials. As stated above, the recorded 
i.j.p.’8 represent composite potential changes derived from multiple junctional 
regions. The compound junctional potentials have the following two phases. 

The first is a rapid depolarization made up of a few steps which can be seen 
on a fast time base as distinct inflexions. The size of this depolarization phase 
may depend on the position of the recording electrodes in relation to the 
junctional region from which the potentials are induced. The most frequent 
values of the total depolarization in response to single maximal nerve volleys 
were 8-10 mV. (In many preparations no spike potentials were elicited by 
single nerve volleys.) The time required to reach the peak of depolarization 
depends on how nearly synchronous are the different steps. The rise-time of 
the first single step is about 1-3 msec. 

The second phase is a relatively slow repolarization which occasionally 
swings below the original resting potential level into a hyperpolarization. 
The hyperpolarization was obtained from preparations considered to be in 
unphysiological condition. In many cases, no hyperpolarization was recorded 
immediately after insertion of the electrodes, but it appeared shortly there- 
after, suggesting that hyperpolarization may be caused by injury of the muscle 
membrane. The fall of the potential from the peak of depolarization to the 
peak of repolarization is approximately exponential. Three examples of falling 
time courses of potentials plotted semi-logarithmically are shown in Fig. 4. 
The time from peak to half-decline averaged 4-7 msec, which is slightly larger 
than that of the e.p.p. and much smaller than that of the s.}.p. 

Size and time course of spike potentials. In many preparations, only i.j.p.’s 
were obtained when single stimuli were applied to the nerve, but in several 
instances spike potentials were initiated by them. The spike potentials were 
induced in an all-or-none manner when depolarization of junctional potent*2!s 
reached a critical potential level (about 15 mV). The spike potentials always 
overshot the resting potentials by 5-15 mV; their sizes were 45-55 mV. As 
shown in record 6 of Fig. 2 and records 5 and 6 of Fig. 8, a slow rising potential 
precedes the spike potential when junctional potentials reach a just-critical 
level for the initiation of a spike potential. This slow potential can be caded 
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the local potential and it can be considered an intermediate potential for the 
initiation of the spike potential. This local potential may be induced from 
neighbouring muscle membrane close to the junctional region when the 
junctional potential reaches some critical level, and may mediate the initiation 
of the spike potential. 

The spike potential has the following two phases: the first is a rapid de- 
polarization, requiring approximately 1-8 msec to reach the-peak. The second 
is the falling phase which swings from the peak of the spike potential to the 
original resting potential level. Marked negative after-potentials observed 
in the spike potential of twitch muscle fibres were not observed in this spike 
potential. In some preparations, small positive after-potentials followed the 
spike potential. The time from peak to half-decline was about 1-8 msec. 


100 


4 6 1 14 
msec 


Fig. 4. Time course of the falling phase of i.j.p.’s; depolarization peak to repolarization (some- 
times slight hyperpolarization) peak recorded with intracellular electrode plotted on semi- 
logarithmic scale. The ordinate is the relative potential height, Note the deviation from 
exponential line; this was a regular finding, 

Injury of muscle membrane. Often the induced spike potentials disappeared 
quite readily during insertion of the micro-electrode. In these cases, the 
spike potentials obtained immediately after insertion of the micro-electrode 
soon disappeared and only i.j.p.’s remained, although the resting potentials 
were unchanged. An example of blocking of the spike potential is shown in 
records of the left-hand column of Fig. 5. Such blocking was often complete 
within one or two minutes and the spike potential never reappeared. Slight 
injury of the muscle membrane may cause such blocking of the spike potential. 

Junctional potentials which have a characteristic configuration, as shown 
in Fig. 5, were obtained quite often. In these potentials, a very slow potential 
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of more than 50 msec duration followed the junctional potential and was super- 
imposed on its falling phase. Presumably, when the membrane of muscle 
fibres was slightly injured by insertion of micro-electrodes, the spike potentials 
were blocked and the junctional potentials which are followed by such a long 
slow potential remained. As shown in record 6 of Fig. 5, the slow potential is 
always followed by asmall positive after-potential. The summation of these 
junctional potentials is shown in records 1 and 2 of Fig. 8. As shown in record 8 
of Fig. 5, the slow potential disappears and the ordinary junctional potential 
remains if high-frequency nerve stimuli are applied. These slow potentials 
also disappeared when the resting potential level was shifted by sending out- 
ward or inward currents through the inserted micro-electrode. Records 
10-12 of Fig. 5 demonstrate this. These experimental results suggest that 


Fig. 5. The series of records shown in left-hand column demonstrate blocking of the spike potential 
and junctional potentials. Record 1 was recorded immediately after insertion of the electrode; 
double traces show the resting potential (45 mV). Records 2-4 were obtained successively at 
an interval of 30 sec after obtaining record 1. Records 5 and 6 were obtained 10 and 30 min 
after insertion of the electrode. The junctional potential recorded at high amplification is 
shown in record 6; double traces mean resting potentials. Records 7-9 were obtained from 
same preparation after obtaining record 4. Slow potential superimposed on falling-phase of 
junctional potential (record 7) disappeared on tetanic stimulations (record 8), and main 
junctional potential is blocked and a small i.j.p remains, preceded by tetanic stimulation. 
Records 10-12 were obtained from another preparation; records 11 and 12 demonstrate the 
line, 10 mV; time marker, 60/sec. 
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these slow potentials may represent the local responses of muscle membrane 
close to the junctional region. Further information about these slow potentials 
will be presented in a subsequent paper. 

Eztra-cellular recording of action potentials. Potential changes of an isolated 
bundle of intrafusal muscle fibres were recorded extra-cellularly by using the 
experimental arrangements illustrated in schema 2 of Fig. 1. The compound 
action potentials of an isolated muscle bundle were recorded without the 
interference of the potential changes of any other muscle fibres. An example 
of the records obtained by such an experimental procedure is shown in record 1 
of Fig. 6. This compound potential was elicited in an all-or-none manner by 


Fig. 6. The action potential recorded extracellularly from a bundle of intrafusal muscle fibres. 
Records in left-hand column are potential changes induced by nerve stimulation; records in 
right-hand column are potential changes induced by direct stimulation applied extracellu- 
larly. Vertical line, 5 mV; time marker, 1 msec, 


the application of threshold nerve stimuli and remained unchanged by 
increasing the strength of stimulation. This indicates that this potential is 
induced by the activation of a single motor nerve fibre and represents 
potential changes produced from several intrafusal muscle fibres which receive 
innervations from a motor nerve fibre. The configuration of the compound 
potential changes differs from one preparation to another. Although further 
analysis of the components of these potential changes was not made in this 
experiment, their characteristic features can be interpreted by comparison 
with the results obtained from intracellular records. Intracellular records 
suggest that the potential changes recorded extra-cellularly also consist of 
spike potentials and junctional potentials which may not initiate spike 
potentials. In records 2-4 of Fig. 6, the junctional potentials may be dis- 
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tinguished from the spike potentials. In these three records, two successive 
stimuli were given at different intervals. In record 2, potential changes 
induced by the second stimulus are the same as those induced by the first. 
In record 3, a spike potential induced by the second stimulus is blocked. 
In record 4, all potential changes induced by the second stimulus disappear. 


Action potentials elicited by direct stimulation 

Membrane potential changes induced by direct stimuli applied through an 
inserted micro-electrode were investigated to obtain further information 
about the membrane characteristics of intrafusal muscle fibres. In the present 
experiment, a single micro-electrode served as both a recording and a stimule- 
ting electrode by using the experimental arrangement shown in Fig, 1. As 
stated in ‘Methods,’ a direct current of the order of 2-4x10-° A must be 
applied through the muscle membrane to produce action potentials. In many 
preparations action potentials were easily elicited by the. off-effect of strong 
hyperpolarization, although no action potentials were elicited by depolariza- 


tion. The action potentials elicited by the off-effect of strong hyperpolarization 


were mainly observed in the present experiment. 

Electrotonic potential and spike potential. When outward or inward direct 
currents of 80-100 msec duration were applied through the micro-electrode 
and the balancing of the Wheatstone bridge was satisfactory, electrotonic 
membrane potential changes caused by depolarization or hyperpolarization 
were recorded without serious interference from stimulating artifacts. The 
effective resistance of eight different intrafusal muscle fibres was calculated 
from the electrotonic potentials and the strength of applied direct currents; 
it was found to average about 5 MQ. The time constant of electrotonic 
potentials of intrafusal muscle fibres was approximately equal to that of 
twitch muscle fibres. Further information about the electrical properties of 
intrafusal muscle membrane will be presented in a subsequent paper. When the 
resting potentials are depolarized by outward direct current and the electro- 
tonic potentials reach approximately 15-20 mV, action potentials are induced, 
in principle, as shown in record 2 of Fig. 7. Such spike potentials are also 
induced by the off-effect of strong hyperpolarization (see record 3 of Fig. 7). 
The characteristics of these action potentials are similar to those of the spike 
potentials elicited by nerve stimulation. 

Separation of local and spike potential. The spike potential induced by 
direct stimulation is preceded by a local potential which produces an inflexion 
on the rising phase of the spike potential. Close inspection of record 2 of Fig. 7 
reveals such an inflexion. These local potentials were also revealed by the just- 
critical off-effect of hyperpolarization and their sizes varied according to the 
strength of stimuli, and spike potentials were induced when the local potential 
reached some critical potential level (see record 6 of Fig. 7). 
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As shown in records 7 and 8 of Fig. 7, the spike potentials were sometimes 
blocked and only small potentials remained. Record 4 of Fig. 7 shows initial 
spike potentials followed by small potentials revealed by the off-effect of 
strong hyperpolarization; repetitive responses of full spike potentials were 
never observed in this experiment. These small potentials could be explained 
as a local potential, although it is conceivable that they may be full spike 
potentials originating some distance from the point of stimulation and may 
suggest injury of membrane close to inserted micro-electrodes. 

Extracellular recording of action potentials, Action potentials produced by 
direct stimulations applied through two large extracellular electrodes were 
recorded by using the experimental arrangement shown in schema 3 of Fig. 1. 
Isolated preparations were previously soaked for 30 min in Ringer’s solution 


Fig. 7. Spike potentials induced by direct stimulation applied through internal micro-electrode. 
Records 1-3 were obtained from one preparation. Record 1 is the i.j.p. induced by nerve 
stimulation. Record 2 is the spike potential induced by depolarization; strength of applied 
current is shown simultaneously (3-5 x 10-* A). Record 3 is spike potential induced by the 
off-effect of hyperpolarization. Record 4 is an example of repetitive responses elicited by the 
off-effects of strong hyperpolarization. Records 5-8 were obtained from another preparation. 
Record 5 is the junctional potential induced by nerve stimulation; the slow potential is seen 
on the falling phase. Records 6-8 show the local potential and spike potentials induced by the 
off-effects of hyperpolarization. In record 6 strength of stimulus is increased gradually. In 

records 7 and 8, just-critical stimuli for the initiation of spike potentials were applied re- 

peatedly. Vertical lines; 10 mV in records 1 and 5, 15 mV in record 2, 20 mV in all other 
records; time marker, 60/sec. 
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containing 1x 10-* tubocurarine chloride. An example of typical action 
potentials of a single intrafusal muscle fibre stimulated by just-threshold 
direct stimulation is shown in record 5 of Fig. 6. If the stimulus strength is 
increased, compound spike potentials of several muscle fibres contained in an 
isolated bundle of intrafusal muscle fibres are obtained. Records 6-8 of Fig. 6 
show such compound spike potentials produced by giving direct stimuli of 
different strengths. Hach intrafusal muscle fibre may have a different threshold 
for direct stimulation and this may cause the separation of the responses in 
these three records. 

From these records, the existence of a local potential is apparent; it precedes 
the spike potential and is separated by applying just-threshold stimulation. 
The fact that spike potentials recorded extracellularly are always diphasic 
suggests that the spike potentials are propagated along the whole muscle 
membrane. 

Summation and facilitation of junctional potentials 

The modes of summation of i.j.p.’s are similar to those of ¢.p.p.’s of twitch 
fibres or 8.j.p.’8 of small muscle fibres. As previously stated, spike potentials 
can be produced by the summation of i.j.p.’s in preparations which give no 
spike potential on the application of single nerve volleys. Records 3 and 4 of 
Fig. 8 show evidence of the propagation of spike potentials produced by the 
summation of i.j.p.’s. In both records, two successive nerve volleys were 
given at different intervals. In record 3 the second stimulus is subthreshold 
for the motor nerve fibre which produced the i.}.p. induced by the first stimula- 
tion. This muscle fibre may be innervated by two motor nerve fibres and the 
recorded i.j.p.’8 may be produced by the activation of a higher threshold motor 
nerve fibre. The spike potentials seen in record 3 must be produced from a 
junctional region which receives innervation from a lower threshold motor 
nerve fibre; the position of the recording micro-electrode is too remote to 
record the i.j.p. produced from this region, but the spike potentials are re- 
corded because they propagate along the muscle membrane. 

Katz (1949) described intrafusal motor junctions as being more resistant to 
tetanic stimulation. This characteristic was also observed in the present 
experiment; the i.j.p.’s are much more resistant to tetanic stimulation than 
the e.p.p.’s of twitch muscle fibres or the s.j.p.’s of small muscle fibres. The 
amplitude of i.j.p.’s is enhanced by increasing the frequency of repetitive 
stimulation (less than 30/sec), differing from the e.p.p.’s or 8.j.p.’8 which are 
generally decreased by repetitive stimulation. When repetitive nerve volleys of 
low frequency (one or more times/sec) are given, the amplitude of the i.j.p.’s 
induced by single volleys varies from time to time. The amplitude is enhanced 
and becomes more constant as the frequency is increased. In general, the 
amplitude becomes largest and most constant when the frequency is about 
20-30/sec. The relationship between the frequency of stimulation and the 
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amplitude of i.j.p.’s is shown in records 9-12 of Fig. 8. Records 5-8 of Fig. 8 
demonstrate that summation is completed more easily when the frequency of 
two successive stimulations is higher. If high-frequency tetanic stimulation 
(more than 30/sec) is given, i.j.p.’s become blocked shortly thereafter. How- 
ever, the resistance of i.j.p.’s to tetanic stimulation was remarkably strong 
compared with e.p.p.’s or 8.}.p.’s. 


Fig. 8. The summation of the i.j.p.’s and the effect of the frequency of nerve stimulations on 
the size of i.j.p.’s. Records 1 and 2 show the summation of the junctional potentials which 
have slow potentials superimposed on their falling phases. Records 3 and 4 demonstrate the 
evidence of propagation of the spike potential. Records 5-8 show the effects of different 
frequency of repeated stimulation on the summation; nerve stimulation of frequency 2/sec 
in records 5 and 7 and 10/sec in records 6 and 8; note the different intervals of two successive 
stimulations between records 5-6 and 7-8. Records 9-12 are the i.j.p.’s obtained by applying 
nerve stimulations of frequency 25, 10, 5 and 2/sec respectively. Vertical lines: 10 mV left 
and right-hand columns, 20 mV in middle column; time marker, 1 msec. 


DISCUSSION « 

Multiple innervation, low resting potentials and small diameters of intra- 
fusal muscle fibres suggest that their physiological properties may resemble 
those of slow muscle fibres. However, the experimental results presented 
in this paper demonstrate that the electrical excitability and the manner of 
neuromuscular transmission in the intrafusal muscle fibres are different from 
those in slow muscle fibres. The time: course of junctional potentials and the 
production of propagated spike potentials suggest that the membrane charac- 
teristics of intrafusal muscle fibres are rather similar to those of twitch muscle 
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fibres. It will be interesting to compare the electrical properties of membranes 
from these three different kinds of muscle fibres. Information concerning the 
electrical properties of intrafusal muscle membrane will be presented and dis- 
cussed in @ subsequent paper. 

Katz (1949) explained that there was no evidence for any specific con- 
nexion between the small motor nerve fibres and muscle spindles, although 
frequently branches of these axons appeared to innervate intrafusal muscle 
fibres as well as other parts of muscles. In the present experiment, no selective 
stimulations for small or large motor nerve fibres were applied; nerve stimuli 
were applied to the whole nerve trunk and were simply changed in strength. 
If there is innervation of small motor nerve fibres to isolated intrafusal muscle 
fibres, the potential changes induced by the activation of small motor nerve 
fibres should also have been recorded. No specific electrical responses which 
differed from those presented in this paper were ever observed in any pre- 
parations. The electrical responses elicited by small motor nerve fibres probably 
exhibit the same kind of potential changes. 

It has been shown that the i.j.p. of intrafusal muscle fibres is more resistant 
to repetitive nerve stimulation than e.p.p.’s or s.j.p.’s. It is difficult to explain 
this phenomenon. The safety margin in neuro-muscular transmission may be 
greater in the intrafusal muscle fibre, as suggested by Katz (1949). The role 
of the intrafusal muscle fibres is the production of afferent impulses from the 
tension receptor in the muscle spindle. In this role, the muscle fibres must 
maintain a long-lasting contraction by the activation of efferent impulses. 
The high resistance of neuromuscular transmission to repetitive stimulations 
seems to be appropriate for the production of long-lasting contractions. 

In the present experiment, when potential changes were recorded intra- 
cellularly, many intrafusal muscle fibres gave only i.j.p.’s but no spike poten- 
tial. It is conceivable that the thin intrafusal muscle fibres were easily 
injured by the insertion of micro-electrodes and failed to produce spike 
potentials. However, multiple innervation and frequently recorded small 
i.j.p.’8 suggest that local muscle contractions can be produced by i.j.p.’s, 
although no spike potentials are initiated. When spike potentials are induced, 
they are propagated along the whole muscle membrane and produce strong 
contractions, It was also observed in many preparations, that with direct 
stimulation no’ spike potentials were produced by strong depolarization, 
although they were produced by the off-effect of strong hyperpolarization. 
Such a phenomenon may be explained by slight injuries to muscle membrane 
caused by insertion of micro-electrodes. Spike potentials of intrafusal muscle 
fibres should, asa rule, be produced when membrane depolarization reaches a 
threshold depolarization (about 15 mV). 

The local potential disclosed by giving just-threshold direct stimulations 
is a preliminary process for the production of spike potentials. The same 
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kinds of slow potentials were also recorded when the junctional potential 
reached a just critical potential level for initiation of spike potentials. When 
the junctional potentials are induced at the junctional regions, the neighbour- 
ing muscle membrane probably produces local potentials as a preliminary 
process for the initiation of spike potentials. When junctional potentials 
are a just-critical size for the initiation of spike potentials, or when the produc- 
tion of spike potentials is abolished by membrane injury, the local potentials 
will be disclosed as slow potentials which precede the spike potentials or 
follow the junctional potentials. 

Eyzaguirre & Vial (1956) have reported resting potentials of 61-3-88-6 mV, 
and action potentials of 84-119-3 mV, obtained from intrafusal muscle fibres 
in the Chilean toad without isolation of the muscle spindle. As they mentioned, 
it is very difficult to insert micro-electrodes into thin intrafusal muscle fibres 
without isolation of the muscle spindle, because the spindles were embedded 
in the mass of extrafusal muscle fibres. In the present experiment it was found 
that impalement and identification of intrafusal muscle fibres were extremely 
difficult even when only a few filaments of extrafusal muscle fibres were 
attached around an isolated bundle of intrafusal muscle fibres. Large values 
of resting and spike potentials, such as those reported by Eyzaguirre & Vial 
(1956), were never observed in completely isolated muscle spindles in the 
present experiment. It is conceivable that isolation of the muscle spindle 
slightly damages the membrane of intrafusal muscle fibres and causes low 
resting and spike potentials. However, it should be noted that the species 
used by Eyzaguirre & Vial (1956) is different from the one used in the present 
experiment. 

SUMMARY 

1. Membrane potential changes of single intrafusal muscle fibres were 
recorded intracellularly and extracellularly from an isolated muscle spindle 
stimulated directly or through the nerve. 

2. The resting potential of intrafusal muscle fibres was 35-45 mV. Junc- 
tional and muscle spike potentials were produced by nerve stimulation. Spike 
potentials which overshot the resting potentials were initiated when the 
junctional potentials reached a critical potential level (about 15 mV) and 
propagated along the muscle membrane. 

3. The configuration of junctional and spike potentials in intrafusal muscle 
fibres was compared with those of twitch and slow muscle fibres. 

4. The intrafusal muscle fibres receive multiple innervation from one or a 
few motor nerve fibres. 

5. Spike potentials were telined by depolarization (critical potential 
change for initiation is 15-20 mV) or by the off-effect of strong hyperpolariza- 
tion, when outward or inward direct current was spate through the 
membrane. 
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6. Local potentials preceding the spike potentials were observed when just 
threshold direct stimuli were applied. The local potentials were also disclosed 
when i.}.p.'8 reached a just critical potential level for the initiation of spikes. 

7. The i.j.p.’s were more resistant to tetanic stimulation than e.p.p.’s and 
s.).p.’8 and the amplitude of i.j.p.’s was rather increased by repetitive nerve 
stimulation (less than 30/sec). 

8. Injury of the membrane caused by insertion of the micro-electrode has 
been considered in the interpretation of recorded potential changes. 
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THE WORK OUTPUT OF SLEDGE DOGS 


By R. J. F. TAYLOR 
University of Cambridge 


(Received 30 January 1957) 


There is little accurate information on the power available from different 
animals. Energy from locomotory muscles is used more in moving limbs than 
in overcoming external resistances, and therefore is not directly measurable. 
However, the external work output of man has been measured while rowing 
(Henderson & Haggard, 1925) and while bicycling (Krogh & Lindhard, 1920), 
Brody (1945) has reported extensively on draught horses and Dill, Edwards & 
Talbot (1932) investigated the performance of a small dog in a treadmill. The 
present communication reports some results from larger dogs pulling sledges. 
Experiments were carried out in the Falkland Islands Dependencies in 1954 
and 1955 when the author travelled 4400 km. For 3000 of these kilometres 
the pull of a team of dogs was measured electrically using strain gauges. The 
pull altered the resistance of the gauges and this change affected a micro- 
ammeter at the back of the sledge. 


METHODS 


The dogs. Since 1944 dogs from Canada, Greenland and Labrador have been introduced to 
the Dependencies and bred there. The author had some seventy-five dogs under his care at any 
one time, but the work described was on one particular team of nine, most of which were in their 
third Antarctic generation. The weights of these nine dogs on 19 June 1955 ranged from 33 to 
46 kg with a mean of 39 kg, and the average age was 3:4 years with extremes of 1-2 and 6-2 years. 
The sledge dogs bred in the Dependencies are slow and strong; mean dimensions for the particular 
team were 152 om from nose to tail, 59 om high at the shoulder and 28 om across the chest. 
Further details are given by Taylor (1957). | 

The forces on a sledge. When a sledge is moving horizontally at constant speed the forces are easy 
to analyse and to measure. The upward reaction of the snow equals the weight of the sledge; the 
pull of the dogs is proportional to the weight of the sledge and to the coefficient of sliding friction 
(Fig. 1). Work is a force multiplied by a distance, so the external or useful work from the dogs is 
the product of the pull and the distance travelled. The former was measured by the strain gauges, 
the latter with a bicyole wheel in traditional polar manner. 

Instruments. The strain gauge apparatus consisted of three parts, the gauges mounted on a metal 
ring, the recording panel and the battery. Any pull across the metal ring altered the resistance of 
the gauges which deflected the microammeter in the recording panel. The rings were inserted by 
metal links (*karabiners’ used by mountaineers) into the rope connecting the dogs to the sledge, 
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and wires ran backwards to the and the , . 
pre battery. Readings could be made con 

Four foil gauges (Jackson, 1953) were glued around the inside of a duraluminium ring 6 om in 
internal diameter. There were external attachments for applying the stress which compressed two 
opposing gauges and extended the other two (Fig. 2). These changes altered the resistance of the 
gauges which were wired up as a Wheatatone’s bridge and thus a current flowed through the meter. 
The reading was directly proportional to the applied voltage and to the applied force. Rings of 
similar design had been used to measure the strength of human muscle by Ralston, Inman, 
Strait & Shaffrath (1947). 


Fig. 1. The forces scting on 2 sledge. 


L 
S + 


Metal ring 


— 


4 strain gauges each of 


C) 400 glued to the inside of 
the metal ring 


Fig. 2. Circuit diagram. The metal ring is shown and also the position of the four strain gauges in 
relation to the applied force. Position 2 was the normal working position; position 3 was for 
measuring the voltage. 


The microammeter was a substandard instrument made by the British Physical Laboratories. 
A full-seale deflexion was given with 1 mA and the scale was calibrated in hundredths of 1 mA. 
For most of the work reported here a 12 V lead-acid battery was used and a full-scale deflexion 
represented approximately 230 kg wt. The normal working range was from zero to } of full-scale 
deflexion, and on the cessation of a current the reading dropped to half its former value in about 
0-4 see, Thus there was considerable damping due to the comparatively slow response of the 
ammeter needle and on flat travel over hard sea-ice the recorded pull was reasonably constant for 
considerable distances. The microammeter was housed in a waterproofed metal chassis supported 
on four sprung rods allowing restricted movement in all three dimensions. ; 
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The revolution counter on the bicycle wheel read directly in miles. Accuracy was checked on 
journeys by relating the ‘dead reckoning’ position with theodolite observations of the stars at 
intervals of about 150 km. The readings of distance presented here are slightly too low by some 
factor less than 1%. Times were measured either by stopwatch or by a ‘Rolex’ wrist watch with 
& sweep second hand. The accuracy of the former was checked on the latter which in turn was 
compared with radio signals. Errors in distance and time were more due to the use and reading 
of instruments than to any failings in their accuracy. 


- 


Fig. 3. Two strain gauge rings were mounted side by side but only one was used 


as an electrical recorder. 
j 
100 200 300 
Load in kg wt. 


Fig. 4. Calibration on 15 October 1954, using two strain gauge rings as shown in Fig. 3. 
Applied voltage 6-2 V. @, increasing load; ©, decreasing load. 


Calibration. In theory, calibration was easy and direct. In practice one difficulty arose. The 
metal rings were too weak and liable to overstrain. Therefore two rings were mounted side by side 
and only one was used as an electrical recorder (Fig. 3). This doubled apparatus was carefully 
calibrated at base by applying a known force and reading the meter. The force was measured with 
a Board of Trade stamped spring balance guaranteed to 1 % accuracy and kept in the hut solely 
for calibration. For a single ring the reading was directly proportional to the force and no difference 
was found between the loading and unloading curves. For doubled rings this was not quite true 
and a zero error was introduced. A force of about 2 kg wt. had to be applied to the doubled rings 
before the meter started recording (Fig. 4). 

On journeys the linear relationship between force and deflection was assumed and the apparatus 
zeroed by applying known forces and reading the meter. Consecutive forces of 23, 45 and 23 kg wt. 
were applied from a second spring balance which had been checked previously on the standard 
balance at base. The meter could not detect a change in force of less than 1 kg wt. in 100, but a 
greater error was introduced by the difference between the loading and unloading curves. How- 
ever, the largest error recorded in the working range was less than 10%. 

Another possible error was due to the subjective assessment of the ‘average’ pull. The maximum 
and minimum pulls recorded in this paper were within 20 and 15% respectively of the ‘average’ 
figures. 
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PROCEDURE 

During journeys in 1954, it became apparent that other factors beside the load 
influenced the work output of the dogs. The dominant reason for the variations 
was probably the psychological attitude of the animals (Taylor, 1957), but 
other factors were poor snow surfaces and nutritional deterioration while on 
concentrated rations (Taylor, Worden & Waterhouse, 1957). Plans were made 
to obtain figures for the greatest work output possible at various loads. In the 
winter of 1955 the same team travelled the same course on different days with 
different loads and the diet was freshly killed seal meat. One circuit involved 
six miles to a depot with an empty sledge and the return, loaded. The course 
was on sea-ice which provided a horizontal and hard basis to the snow and 
therefore good travelling conditions (Scott, 1905), but only three of the six 
miles were suitable for controlled runs. Sixteen journeys were made and over 
half provided maximal figures. 

RESULTS 


With no load, a team of dogs should achieve maximum speed. The sledge and 
observer must, of course, contribute a considerable load, and the nearest 
practical approach to no load was travelling down a slight slope. An attempt 
to achieve top speed was made down part of the hill at base, 125 m of average 
slope of one in seven. The rope joining the dogs to the sledge was nearly slack 
and the pull recorded never exceeded 3 kg wt. The shortest times achieved by 
the author’s team was 19-2 sec on 31 March 1955, 18-8 and 18-0 sec on 1 April 
1955. These give speeds of 6-5, 6-6 and 6-9 m/sec. 

With increasing loads speeds gradually dropped. Maximal figures over 
4 km or more are presented in Table 1 and Fig. 5. The readings for 1954 and 
1955 are kept separate as it appears that in the second year the team was 
stronger. It will be seen that work output could approach the maximum when 
walking and when trotting. Over 4 km, maximum work output was at a rate 
of 1100 keal/h. For shorter distances, work output could be higher. This was 
particularly true of intermediate loads, and on 20 June 1955 the dogs trotted 
with an average pull of 72 kg wt. at 2-25 m/sec for 9 min, which represents 
work output at a rate of 1350 kcal/h. 

With very heavy loads it was not possible to keep the dogs moving for 4 km. 
The greatest regular pull was 118 kg wt. for about 4-5 min on 15 May 1955 at 
a speed of approximately 0-9 m/sec. 

However, jerks of a higher order was recorded. There were several over 
200 kg wt. and on 18 May 1955 one of the metal links (“karabiners’) joining 
the strain gauge apparatus to the ropes was opened up, This was replaced, 
brought as a specimen to Cambridge, and subjected to a load extension test. 
There was a sudden increase in strain at 270 kg wt., which suggests that this 
force had been applied by the dogs to produce the initial deformation. 
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Tasiz 1. The maximum work output of a team of nine dogs at various loads 


Average 
pull in 
the main Work 
trace output 
Date (m/sec) (kg wt.) (km) ) 

13. ix. 54 2-25 45-5 8-9 870 
13. ix. 54 2-70 18-0 6-7 410 
15. ix. 54 2-45 37-0 8-5 765 
17. ix. 54 2-40 32-0 3-2 
18. ix. 54 1-55 54-5 5-6 710 
19. ix. 54 1-60 52-0 5-3 700 
22. ix. 54 2-55 24-0 8-5 520 
21. x. 54 2-05 44-5 74 765 
14. v. 55 2-65 34-5 4-0 7160 
15. v. 55 1-20 105-0 4-0 1050 
16. v. 55 3-10 9-0 4-0 240 
16. v. 55 HO 4-0 1100 

4. vi. 55 3-30 10-0 9-5 275 

4. vi. 55 1-55 68-0 43 900 

5. vi. 55 1-85 54-5 43 825 

6. vi. 55 1-55 81-0 43 1045 
18. vi. 55 2:55 39-0 48 835 
20. vi. 55 2-25 545 4:8 1025 
22. vi. 55 2-40 49-0 43 995 
23. vi. 55 1-80 54-5 4-8 815 
19. viii. 55 2-60 31-5 8-9 680 
22. viii. 55 2-40 50-5 6-8 1000 


less than 15 % of the average figures presented above. 


Tro 
Walking 


Walking 
Trotting 
Trotting 
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The work output is the product of the pull and the speed; it includes no measure of the work 
done by the dogs in moving themselves. The instantaneous pulls were in no case more than 20 % or 


Work output (kcal/hr) 


Galloping 


100 


Pull in the main trace (kg wt.) 


of the ‘galloping’ curve is adjusted to a speed of 7-0 m/sec at the origin. 


Fig. 5. The relation of load to the greatest power output from a team of nine dogs of 39 ky 
average weight. The figures for the two years are kept separate; ©, 1954; @, 1955. The slope 
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Fig. 5 is not complete, showing gaps for very light and very heavy loads. The 
latter omission arises from two different reasons. Friction on snow depends on 
speed and increases with very low speeds (Bowden, 1953). Therefore the effect 
of small irregularities was exaggerated, which stopped a heavily laden sledge. 
Secondly, the dogs were not perfectly trained and the momentary failure of 
one dog sufficed to halt the team. 


DISCUSSION 

The dogs had three gaits, walking from 1-0 to 1-9 m/sec, trotting from 2-1 to 
3-3 m/sec and galloping at higher speeds. The break from one gait to another 
was well marked in each dog and also for the whole team. With very light loads 
the dogs galloped, with intermediate loads they trotted and with heavy loads 
they walked. The corresponding pulls exerted were from 0 to 9 kg wt. while 
galloping, 9 to 55 kg wt. for trotting and up to approximately 135 kg wt. for 
walking 


The curves in Fig. 5 are each smooth and would extrapolate to the origin. 
Separately, each can be compared to a load-power graph for a single muscle. 
However, there is a large break in the working curve as the dogs changed from 
trotting to walking. If the load was slightly too large for trotting there was a 
marked decrease in speed and a 20°% decrease in power. This discontinuity 
must be connected with the change from having only two legs on the ground 
at any one instant, to having three (Gray, 1953). Several theoretical explana- 
tions are possible. 

Over much of the walking range the power developed was reasonably con- 
stant and the curve is nearly horizontal. From a pull of 75-110 kg wt., a 
40°% variation, there was only a 6°, variation in work output. Therefore, over 
this range the speed was inversely proportional to the pull and thus to the 
weight of the sledge. 

Very different conclusions are derived from the trotting curve. For a 
change in pull from 15 to 30 kg wt. (i.e. 100% increase) the decrease in speed 
was only 9%, the work output thus increasing by 82%. Therefore while 
- trotting, the speed was fairly constant and the power developed was pro- 
portional to the pull. 

However, maximum work output was about the same for trotting at a pull 
of 55 kg wt, and for walking at 95 kg wt., and was equivalent to 1100 kcal 
during 1 h from the team of nine dogs of 39 kg average weight. The team could 
trot for some minutes at higher loadings, e.g. 10 min at 2-25 m/sec pulling 
72 kg wt., which represents a power output of 1350 kcal/hr. This is equivalent 
to 0-006 h.p. for each kg body weight, which is close to the maximum work 
output derived from experiments with man. Each of the eight men of a 
scccessful Olympic crew averaged 82 kg in weight and could do external work 


\ 


216 REL R. J. F. TAYLOR 


at a rate of 0-57 h.p. for 6 min, 0-45 h.p, for 22 min (Henderson & Haggard, 
1925). The 22 min rate is equal to 0-005 h.p. for each kg body weight. Thus 
weight for weight the particular dog team did the same amount of external 
work as do highly trained oarsmen. 

Figures from other animals are 0-005 h.p./kg from a 700 kg horse (Brody, 
1945) and 0-012 h.p./kg from a 13 kg dog (Dill e al, 1932). These support 
Hill’s (1950) conclusion that relative power increases with decrease in size and 
therefore one might have expected the work output of sledge dogs to have been 
slightly higher. 

The top speed of the team unladen was around 7-0 m/sec. The greatest pull 
which the team could exert and keep a sledge moving was around 135 kg wt. 
Thus the maximum work output when trotting occurred at a loading of one- 
third of the greatest pull and at one-third of top speed. For walking the 
maximum power was at a loading equivalent to two-thirds of the greatest pull 
and at one-sixth of top speed. As is well known for individual muscles, the 
maximum of work output occurs at one-third of top speed when the loading 
is one-third of the maximum (Hill, 1950). 

Finally it is pertinent to consider the factors that may limit the work out- 
put at various loads. It is assumed that the uptake of oxygen and the ability 
to go into oxygen debt are the factors limiting the speed of a man running for 
more than a few minutes (Hill, Long & Lupton, 1924). Presumably there is 
similar control for unladen dogs. At loads around 60 kg wt. the dogs could 
not trot for more than a few minutes, after which they changed to a walk. 
Therefore it seems probable that oxygen uptake limited the performance of 
the dogs while trotting, as well as when unladen. 

The walking curve is fairly smooth which suggests that over this range the 
intrinsic properties of muscle may be the ultimate control. This agrees with 
knowledge of oxygen uptake. Assuming rigid limbs swinging about the hip 
and the shoulder, calculation indicates that for the same periods of time dogs 
while walking at 1-45 m/sec should need less oxygen than while trotting at 
2-25 m/sec. The same relationship is known for man (Hill e al. 1924). 

It is surprising how light a load reduced galloping dogs to a trot. It is 
suggested that the control here is unlikely to be oxygen uptake, and a more 
plausible explanation is that galloping is an inefficient gait for overcoming a 
constant drag. In galloping there are instants in time when no legs are on the 
ground (Gray, 1953), and so there must be repeated retardations and accelera- 
tions of the body with any drag, however sffiall. These changes in speed are 
obviously wasteful and so it is arguable that it was the gait rather than oxygen 
uptake that limited the useful work output while galloping. 
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SUMMARY 


1. The pull of a team of nine sledge dogs was measured electrically for 
3000 km. The pull was measured using resistance strain gauges connected to a 
microammeter. 


2. Maximum power output which could be maintained for 10 min was 


0-235 horse-power from a dog of 39 kg; per kg of body weight this figure is 
very close to the maximum recorded from man. 


3. Maximum work output was similar for walking and for trotting. When 
trotting the peak effort was at one-third of the maximum loading and at one- 
third of top speed. When walking the appropriate conditions were two-thirds 
of the maximum loading and at one-sixth of top speed. 

It is suggested that different factors may control the performance of the 
dogs while walking, while trotting and while galloping. 


I would like to thank Professor Sir James Gray, F.R.S., for much encouragement and advice, 
and Dr K. Bailey, F.R.S., for criticizing the manuscript. res 
the Royal Society. 
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THE ACTION OF CALCIUM ON THE ELECTRICAL 
PROPERTIES OF SQUID AXONS 


By B. FRANKENHAEUSER anp A. L. HODGKIN 


From the Laboratory of the Marine Biological Association, Plymouth, the 
Physiological Laboratory, University of Cambridge, and the Department 
of Neurophysiology, Karolinska Institutet, Stockholm 


(Recewved 7 February 1957) 


Physiologists have been interested in the action of calcium on excitable tissues 
since the days of Ringer (1883). Some of the main facts established (see Brink, 
1954) are that increasing the external calcium concentration raises the thres- 
hold, increases membrane resistance (Cole, 1949) and accelerates accommoda- 
tion. Reducing the calcium concentration has the converse effects, and fre- 
quently leads to spontaneous oscillations or repetitive activity (e.g. Adrian & 
Gelfan, 1933; Arvanitaki, 1939). Other observations which may be less well 
known are that removal of calcium reduces rectification (Loligo nerve, Stein- 
bach, Spiegelman & Kawata, 1944) and increases the fraction of the sodium 
carrying system which is in a refractory or inactive condition (Purkinje 
fibres, Weidmann, 1955). In connexion with the last observation, it is interest- 
ing that tissues which do not normally give an anode break response can be 
made to do so by reducing the concentration of calcium ions in the external 
medium (Frankenhaeuser, 1957). Many of these results may be described by 
saying that the stabilizing effects of an increase in external calcium are similar 
to those of an increase in membrane potential, while the excitatory effects 
which follow its removal resemble those of a reduction in membrane potential 
(see Brink, Bronk & Larrabee, 1946). This has led to the suggestion that electri- 
cal currents may excite by removing calcium ions from sites or carriers in the 
membrane (see Gordon & Welsh, 1948; Brink, 1954, p. 249; Hodgkin, Huxley 
& Katz, 1949, p. 389). 

Experiments on single fibres, and particularly those on the giant axons of 
Loligo, indicate that the action potential is caused by changes in the perme- 
ability of the membrane to sodium and potassium ions and that these are the 
ions principally concerned with carrying current through the membrane (see 
Hodgkin & Huxley, 1952a). If this is correct, it should be possible to explain 
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the action of calcium in terms of its effects on the system which controls the 
sodium and potassium permeability of the membrane. This is the immediate 
aim of the present inquiry. A more remote objective is to examine the hypo- 
thesis that depolarization of the membrane increases sodium permeability by 
removing calcium ions from specific carriers or sites in the membrane. 

The experiments described here were carried out on the giant axons of 
L. forbest by the voltage clamp method (Hodgkin, Huxley & Katz, 1952). 
This enables one to measure the current which flows through the membrane 
when a length of nerve is depolarized and is then held by electronic feed-back 
with a fixed potential difference across the membrane. In previous work with 
this technique (Hodgkin & Huxley, 1952a, b) the concentrations of sodium or 
potassium were varied, while calcium or magnesium were kept at the concen- 
trations in sea water. In the present experiments the principal variable was 
the concentration of calcium (or sometimes magnesium) in the external medium, 
and the concentrations of sodium or potassium were kept at approximately the 
same value. 


METHODS 


In most respects the apparatus and method were similar to those described by Hodgkin et al. 
(1952). One difference was that we used a larger cell which allowed axons of greater total length 
to be employed. The object of this was to obtain axons in better condition. However, as will 
appear from the next section, the change revealed a weakness in the technique, and in many 
experiments it was necessary to reduce the total length of the axons in order to avoid the artifacts 
produced by action potentials set up at the edge of the guard system. 

During the course of the work it was found that axons survived better with electrodes which had 
been used for some time than with ones which had been newly made. It also appeared that coating 
electrodes with chloride before each experiment did not materially reduce their polarizability 
inside the axon but did tend to make the electrodes more injurious to the fibres. About half the 
experiments described here were carried out with a single electrode; this was chlorided when first 
made, but not before each experiment. 

The circuit and performance of the feedback amplifier were as described by Hodgkin et al. 
(1952). Compensated feedback was employed with a setting of p=0-3 (cf. p. 341, Hodgkin et al. 
1952). 

: Propagation artifacts 

One way of testing the voltage clamp method is to set the input of the feedback amplifier at a 
level which holds the membrane potential at its resting value and then to send a spike into the 
guard system by stimulating the end of the fibre. Ideally, the feedback system should operate in 
such a way that no current flows through the central area of membrane and that the potential 
difference across the latter remains at its resting value. This control was carried out on a few occa- 
sions in 1949 with satisfactory results. On repeating the test systematically, it was found that 
although the feedback amplifier held the recorded membrane potential constant to within less 
than 0-05 mV, an injected spike often caused a propagation artifact consisting of a brief pulse of 
inward current of amplitude about 0-1 mA/cm’*. The artifact did not appear unless the ends of the 
fibre were in good condition, and it is possible that the success of the control experiment in 1949 
may have depended on the use of short axons with depolarized ends. The artifact only occurred if 
the membrane potential was close to the resting level. If the central section was depolarized, the 
artifact from an injected spike disappeared and did not add to the membrane current. For some 
time we were unable to see how the artifact arose, since various measurements showed that the 
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fact that the membrane potential was kept at its resting value so that no current should flow. This 
argument would be correct if the axis of the nerve were equipotential over the length occupied by 
the exposed part of the voltage wire. In practice, the wires are polarizable so that it is possible to 
have a longitudinal potential gradient along the nerve. If the outer edges of the central region are 
depolarized and the centre is hyperpolarized the mean potential recorded by the voltage wire wil! 
be practically zero, but there can still be a net inward current through the membrane since both 
hyperpolarization and depolarization may give an inward current. Another way of looking at the 
phenomenon is to say that because of the polarizability of the current wire, current which flows 
into it as a result of an injected spike is not confined to the end but tends to be distributed over the 
whole length of the wire. 

Artifacts similar to those described were observed in the present work when the membrane 
potential was clamped near its resting level and a propagated spike arose at the edge of the guarded 
section (see, for example, Fig. 14, record 2a). This situation occurred rarely in the experiments 
described previously (Hodgkin ef al. 1952) but was common in the present work, particularly when 
using calcium-deficient solutions. Fortunately the artifacts only appeared over a limited range of 
membrane potentials and could be recognized by their all-or-nothing appearance. The proper cure 
for the defect might be either to use some less polarizable form of electrode, or to use separate feed- 
back amplifiers and electrodes for the guard and measuring sections. Since there was little prospect 
of operating either system without much further research, the artifacts were kept small by 
reducing the length of fibre outside the guard system to about 1 cm or less. This was done by work- 
ing close to the cannula and by tying off the fibre below the spiral electrode just before the measure- 
ments were started. With these precautions, propagation artifacts were reduced to the size shown 
in Fig. 2, top record, series II. As a further measure, solutions with a reduced sodium concentra- 
tion were sometimes employed. 

Solutions 

The solutions used were approximately isotonic with sea water and had the composition given 
in Table 1. In most cases the sodium concentration was increased as calcium was reduced, but in 
certain experiments sodium was held constant at a fixed level (for example, 196 or 392 mm); in 
these solutions isotonicity was preserved with choline chloride. No buffer was added, in order to 
avoid difficulties with calcium complexes or precipitates. 0-5 mm-HCO, was added to all solutions 
and the final pH was always checked with brom-thymol blue; if necessary the pH was adjusted to 
about 7-5 with traces of HCl or NaOH. 

Preliminary tests showed that axons survived for 12 hr or more in the 112 mm-Ca solution and 
this was usually employed as the ‘normal’ or reference solution. Natural sea water at Plymouth 
contains about 11 mm-Ca and 55 mm-Mg (Webb, 1939). Artificial sea waters made up with these 
concentrations have been found to have roughly the same stabilizing effect on the squid axon as 
one containing no Mg and 40-50 mm-Ca. 


TaBLE 1. Composition of solutions (mg ions/l. solution) 


{Ca} {Mg} [Na] ([Choline) [K]) [Cl} [HCO,] Total 
Solutions with + 392 1141 
#{Ca] =560 22 0 527 0 10-4 581 1141 


> 


44 0 553 0 10-4 572 0-5 1141 
0 0 560 0 10-4 570 0-5 1141 

Solutions with constant 112 0 196 196 10-4 626 0-5 1141 
[Na] 22 0 196 331 10-4 = 581 0-5 1141 
44 0 196 357 10-4 572 0-5 1141 

112 0 392 0 10-4 626 0-5 1141 

22 0 392 135 10-4 581 0-5 1141 

ss 44 0 392 161 10-4 6572 0-5 1141 

Solution with Mg 0 112 392 0 10-4 626 0-5 1141 
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RESULTS 

The qualitative effect of [Ca], on inactivation 
Before describing the main experiments it is convenient to consider one result 
which is discussed in greater detail on p. 232. In Fig. 1, the left-hand column 
of records shows the membrane currents associated with a depolarization of 
40 mV applied to the resting membrane. In the right-hand column, the mem- 
brane was hyperpolarized by 40 mV before superposing a cathodal pulse of 


0-400 0 +40 —40 0 mV 


mM-Ca 1 mAjem? 


1 cm? 
112 —— mA/ 


i i i iL j 
0 10 50 msec 
Fig. 1. Membrane currents under a voltage clamp at calcium concentrations of 112 and 4-4 mm. 
The records show that reducing [Ca] increases the amount of ‘inactivation’ in an unpolarized 
fibre. The time course of the membrane potential is given at the top, membrane currents are 
shown below. Inward current is shown upward in this and all other records. Axon diameter, 
6804; temperature, 6° C. Solutions with [Na] + #{Ca] =—560 mm. 


80 mV. In both cases the membrane was depolarized to a potential 40 mV 
below the resting potential during the cathodal pulse. The calcium concentra- 
tion was first 112 mm, then 4-4 mm and finally 112 mm. About five minutes 
was allowed for equilibration of the nerve with the external solution, this time 
having been found more than sufficient for completion of the effects of 
external calcium on the excitable properties of the membrane. 

In all six records the ionic current during the period of depolarization con- 
sisted of a transient phase of inward current followed by a phase of outward 
current. From the evidence of Hodgkin & Huxley (1952a, 1953), the former 
will be regarded as sodium current and the latter as potassium current. With 
112 mm-Ca the sodium current without previous hyperpolarization is about 
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50% of that with polarization. Using the terminology of Hodgkin & Huxley 
(1952c) this means that only about 50% of the sodium-carrying system is 
readily available and that the remaining 50%, is in an inactivated orrefractory 
condition. With 4-4 mm-Ca in the external medium the proportion of the 
sodium carrying system in an inactive condition is plainly much higher. Thus 
the inward current in the left-hand column is only about 17% of the inward 
current in the right-hand column. 

Observations similar to those in Fig. 1 were made at the beginning of the 
investigation and influenced all subsequent experiments. If the effects of 
calcium on sodium permeability are to be studied, it is plainly most important 
to start with the nerve in a condition in which the sodium-carrying system has 
not already been partially converted into a refractory condition. Thus if one 
compared the records in the left-hand column one might conclude that reducing 
the calcium concentration decreased the sodium current. On the other hand, 
it is clear from the right-hand column that reducing the calcium concentra- 
tion increases the sodium current if the membrane is anodally polarized 
before applying the cathodal pulse. On p. 232 it is shown that a hyper- 
polarization of 40 mV is sufficient to remove resting inactivation at all the 
calcium concentrations (except zero) used in the present work. In most of the 
experiments the fibre was therefore hyperpolarized by 40-60mV before apply- 
ing the depolarization. 

Another advantage of using anodal polarization was that it stopped the 
fibre firing repetitively in low calcium solutions. Ideally, switching in the 
feed-back amplifier should stabilize the membrane, but since the ends of the 
axon were not under the control of the amplifier, these regions sometimes set 
up trains of spikes which caused repetitive artifacts in the records of membrane 
current, in spite of the fact that the recorded potential was held constant to 
within 0-1 mV. A combination of anodal polarization and feedback stabilized 
both voltage and current base line. 


The effect of [Ca], on the relation between sodiwm conductance and membrane 
potential 

Membrane currents. Fig. 2 illustrates the results obtained in the most 
complete experiment. The records are of the usual kind observed in voltage 
clamp experiments. Thus the membrane current during a sudden depolariza- 
tion consists of (1) a brief surge of capacity current of which only the tail can 
be seen, (2) a phase of sodium current which is inward for cathodal pulses 
smaller than about 126 mV and outward for larger pulses, (3) a phase of out- 
ward potassium current which rises with a marked delay and can be seen 
uncomplicated by sodium current at the ss potential (e.g. record 126 mV, 
series ITT). 
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The most obvious result in Fig. 2 is that a reduction of calcium concentra- 
tion caused a large increase in sodium current for voltage steps of 20-60 mV 
but that there was less alteration with larger pulses. 


IV 
112 mm-Ca 22 mm-Ca 112 mmM-Ca 44mm-Ca 112 mm-Ca 


10 5 10 


anodal polarization of 41-5mV. Solutions with [Na] + mm; axon diameter, 
5834; temperature, 6°C. Inward current due to the anodal polarization was: series I, 
<2-5 x 10-* mA/cm*; series II, 22 x 10-* mA/cm®; series III, 2-5 x 10-* mA/cm!*; series IV, 
68 x 10-* mA/om®; series V, 17 x 10-* mA/cm*. The following curves have been traced and 
scaled to the standard amplification from records taken at other amplification: series I, 
42 and 63 mV;; series II, 42 and 147 mV; series III, 42 and 147 mV; series IV, 31 and 147 mV; 
series VY, 42 and 147 mV; the other curves are photographic reproductions of the original 
records, The hump of inward current in the top records of series IT and series IV is probably a 
propagation artifact (see p. 219). 


[Ca], and the sodium potential 

The first step in analysing records like those in Fig. 2 is to determine the equilibrium potential 
for the sodium ion, Vy,. The procedure adopted was to take Vy, as the potential at which the 
ionic current was flat initially and showed no hump of sodium current (cf. Hodgkin & Huxley, 
19524). Since the depolarization was increased in relatively coarse steps, the sodium potential 
could not be found by direct inspection of records, and it was necessary to interpolate between the 
two records in which the sodium current changed from inward to outward. The values obtained in 
this experiment are given in Table 2. 

The marked drop in sodium potential between the second and third measurements in 112 mm-Ca 
(series III and V) suggest that the fibre was gaining sodium rapidly during the intervening period 
in 4-4 mm-Ca. This is reasonable, because the fibre had a low membrane resistance in this solution 
and there is evidence in other tissues that low calcium promotes sodium entry (mammalian muscle, 
Creese & Roberts, 1955; Sepia giant axon, Hodgkin & Keynes, unpublished). Since the measure- 
ments of Vx, were made at the end of the period in each solution the most reliable comparison is 
between series II and III or between IV and V. The differences in V,, for these tests are — 6 and 
~9 mV. These values are in reasonable agreement with those calculated from the sodium con- 
centrations of the solutions on the assumption that the resting potential remained constant. The 
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assumption was partially justified in this experiment by the fact that the setting required to keep 
the feedback amplifier in balance did not have to be reset by more than 1 mV when the solutions 
were changed. 

In experiments with a conventional type of internal electrode (Frankenhaeuser, Hodgkin & 
Keynes, unpublished), it was found that the resting potential of the squid fibre increased by 
3-6 mV as Ca was reduced from 112 to 22 mm; at lower calcium concentrations, if the fibre waa 
not firing spontaneously the resting potential was somewhat variable but was not usually displaced 
from ite normal value by more than 5 mV. The increase in resting potential between 112 and 
22 mm-Ca was noticed in some but not all of the voltage clamp experiments, and seems to have 
been small in the experiment which has just been considered. The discrepancy is tentatively attri- 
buted, either to the drastic effects of repeated hyperpolarization or to the difficulty in determining 
the resting potential with a metal electrode. 


Tasxe 2. Equilibrium potentials for sodium in the experiment illustrated by Fig. 2 


[Ca], [Na], (observed) from [Na ],) 
Series (mm) (mm) (mV) (mV) (mV) 
22 526 -101 
(IIT) 112 392 — 95 -6 -71 
(IV) 4-4 553 -91 
(V) 112 392 — 82 -9 - 8-3 


Potentials are given relative to the resting potential, depolarization negative. 


[Ca], and the relation between sodium conductance and membrane potential 
The sodium conductance (cf. Hodgkin & Huxley, 1952a) is defined by the 
relation 
Ino 
Ina= 


where gy, is the sodium conductance per cm? of membrane, 
Tx, is the sodium current density, 
V is the membrane potential, 
Vy, is the equilibrium potential for the sodium ions. 


The peak sodium conductance at any depolarization can be estimated 
without much uncertainty from records such as those in Fig. 2. The membrane 
potential, V, was controlled by the feedback amplifier and was determined by 
direct measurements at the end of the experiment. Vy, was obtained in the 
manner described in the previous section. The peak sodium current was mea- 
sured as shown inset in Fig. 3. 

The results of this analysis are given in Fig. 3, which shows the peak sodium 
conductance on a logarithmic scale plotted against the displacement of the 
membrane potential from its resting value. The main effect of reducing the 
calcium concentration is to shift the gy, — V curve along the voltage axis in a 
direction such that a smaller depolarization is required to produce a given rise 
in sodium conductance. The shifts obtained in three experiments of this type 
are given in Table 3 under the heading AV,. The figures in Table 3 were 
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Fig. 3. Peak sodium conductance plotted against the displacement of the membrane potential 
from its resting value. From the same experiment as Fig. 2. O, series 1; x , series I1; @, series 
III; +, series IV; @, series V. The peak sodium conductances were measured shortly after a 
sudden depolarization from a steady hyperpolarization of 41-5 mV. The method of measuring 


Ty, is shown inset. 
TaBiz 3. Effect of [Ca], on relation between sodium conductances and membrane potential 
in five experiments 
V,, potential at which g,, = #5 maximum 
(mV) 
(2) (3) (4) (5) 
-17 — -2% — -li6 — -2445 — 
-35 135 -3 19 -4 0656 -6 1756 — ~ 15 
-17 — -195 — — -~225 — — 
20-4 36 +15 33 +13 26 — — +1 26 30 
tion 
before cathodal 
Expt. Solutions with (mV) 
(1) Na +§ Ca=560 +56 
(2) Na Ca =560 +56 
(3) Na Ca =560 +41-5 
(4) Na = 196 +40 
(5) Na = 196 +39 


Potentials are given relative to the resting potential (depolarization negative). 
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calculated on the assumption that the resting potential was the same in all 
three solutions; since there was some doubt about this, the values for AV. 
were recalculated using the sodium potentials as a base line (allowance was 
made for differences in external sodium concentration). The mean values for 
AV, obtained by this method were in good agreement with those in Table 3, 
the figures being 15 mV between 112 and 22 mm-Ca or 29 mV between 112 and 
4-4 mm-Ca. 


+ 10-0 


- 


3 msec, 


Fig. 4. Increase of sodium conductance plotted against time after onset of cathodal polarization. 
The figures at the ends of the curves indicate the displacement of the membrane potential 
from its resting value. The sudden displacements were made from an anodal polarization of 
41-5 mV. The upper row corrésponds to the curves in 4-4 mm-Ca, the lower to the curves in 
112 mu-Ca. From the same experiment as Fig. 2. 


[Ca], and the rate of rise of sodium conductance : 
From the records in Fig. 2 it is evident that reducing the calcium concentra- 
tion not only increases the maximum sodium current, but also raises the rate at 


which the sodium current increases at the beginning of the period of 
depolarization. 


Fig. 4 gives the family of curves obtained by calculating sodium conductance © 


as a function of time; these curves have been scaled to the same amplitude since 
the absolute conductance was difficult to determine when V was close to Vy,. 
It is evident that the rate of rise of sodium conductance is greatly increased by 
removing calcium and that the maximum conductance is reached earlier in the 
low calcium solution. 

The superposed curves in Fig. 4 show that the gy, —t curve in 112 mm-Ca at 
a given depolarization is roughly equivalent to the curve in 4-4 mm-Ca at 
20-40 mV less depolarization. Similar agreement was obtained with 22 mm-Ca, 
the shift in this case being 10-20 mV. As with the peak sodium conductance, 
it appears that depolarization and removal of Ca are roughly equivalent. In 
both cases the shift is of the order of 15 mV for a fivefold reduction of Ca. 
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[Ca], and the rate at which sodium conductance shuts off under an anode 


Hodgkin & Huxley (19526) showed that the sodium conductance decreases 
rapidly if the membrane is repolarized at any stage during the period of raised 
sodium conductance. This ‘shutting-off’ is quite distinct from the relatively 
slow inactivation which occurs if the depolarization is maintained. In the 
former case the sodium-carrying system is returned to the resting state and is 
capable of transporting sodium at a high rate if the nerve is again depolarized. 
In the latter case a second pulse of depolarization is ineffective until the state 
of inactivation or refractoriness has worn off. 

If calcium ions stabilize the membrane by occupying sites or combining with 
carriers, one would expect that the rate at which the sodium conductance shuts 
off might be accelerated by increasing the calcium concentration. The first 
results to be described are those in which a brief cathodal pulse of amplitude 
about 170 mV was superposed on a steady anodal polarization of about 40 mV. 
The duration of the pulse was such that the membrane was repolarized near 
the moment of maximum sodium conductance. Under these conditions the 
sodium conductance rises along an S-shaped curve during the period of 
depolarization and declines rapidly along an exponential curve when the fibre 
is repolarized. The currents resulting from these changes are shown in Fig. 5. 
During the cathodal pulse the sodium current is outward because the mem- 
brane is depolarized beyond the sodium potential by 38 mV. When the mem- 
brane is repolarized, the membrane potential is 130 mV above the sodium 
potential so that there is at first a very large inward sodium current. In 
112 mm-Ca the inward current is of short duration because the sodium conduc- 
tance shuts off rapidly. In 22 mm-Ca the rate is clearly much slower and the 
exponential tail of current has a longer duration. In 4-4 mm-Ca there was a 
further prolongation and the tail of inward current then ceased to be 
exponential. | 

The effects seen in these records are shown in a simpler manner by calculating 
sodium conductance from the currents. These curves which are given in Fig. 6 
show thatthe rate at which the sodium conductance is shut off under an anode is 
greatly reduced by lowering the calcium concentration in the external medium. 

Table 4 gives the quantitative results obtained in seven experiments of this 
type. The conclusion is that reducing the calcium concentration from 112 to 
22 mm slows the ‘shutting-off’ rate by a factor of nearly 5. A reduction to 
4-4 mM slows the rate by a factor of 10-15. In this case, the ‘shutting-off’ rate 
becomes comparable with the rate at which the sodium conductance is 
inactivated when the depolarization is maintained, and it is conceivable that an 
even greater effect might be obtained if this could be allowed for. 

It will be seen from Table 4 that the effect of reducing the calcium concentra- 
tion on the shutting-off rate is much greater than that expected on the simple 
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principle that a fivefold reduction is equivalent to a depolarization of 10-20 mV 
(pp. 240-241). In Expt. 3, Table 4, the time constant in 112 mm-Ca with the 
membrane hyperpolarized 41 mV was about 90sec, whereas it was about 
260sec in 22 mm-Ca with the membrane hyperpolarized 62 mV. 


[1 mA/cm? 
1 mA/cm2 
112 
n 
mm-Ca- 


0 4 2 3 msec 0 1 2 3msec 
A B 

Fig. 5. (A) Records of membrane current associated with a rectangular cathodal pulse of ampli- 
tude 168 mV, superposed on a steady anodal polarization of 41 mV. The cathodal pulse 
ended at the peak of the outward sodium current. [Ca], as marked. Solutions with [Na) + 
#[Ca]~560 mm; axon diameter, 648; temperature, 5°C. (B) Similar to A but using 
4-4 mm-Ca as the test solution. Axon diameter, 624; temperature, 6-5° C. The records have 
been traced and scaled to a common time axis. The two axons used in A and B were from the 
same squid. 
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Variation of ‘ shutting-off’ rate in low calcium 

The relatively simple results illustrated in Table 4 are complicated by an effect which makes it 
difficult to describe the action of calcium in quantitative terms. 

When the fibre was in 112 mm-Ca or in sea water containing 11 mm-Ca and 55 mm-Mg, the rate 
constant of the shutting-off process did not vary much if the fibre was repolarized at different times. 
This is illustrated by Fig. 7A and C, which show the exponential tails of sodium current in 
112 mm-Ca. These curves do not have exactly the same time constant, but the range of variation is 
not large, as may be seen from Table 5 A and C. Fig. 7B shows a similar set of curves with 22 m- 
Ca in the external solution. From these and from Table 5 B it is clear that the time constant varies 


£3 


Cc 
AW 112 mm-Ca 


Fig. 7. Records of membrane currents associated with short rectangular cathodal pulses super- tin 
posed on a steady anodal polarization of +41 mV. The amplitude of the cathodal pulses was 

170 mV. Cathodal pulses ended at the times indicated by short vertical lines. This figure is 3~ 
made by photographic superposition of several of the original records. Numbering of the Ta 
curves is the same as for Table 5. Axon diameter, 805, temperature, 5-3° C.; solutions with tu 

the 

cal 
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[Na], +# [Ca], 560 mm. Note that the early part of each curve is obscured by capacity 
current and that the maximum currents seen here are not proportional to the extrapolated 
initial conductances given in Table 5. 


from 100 to 400usec and is greatest a little before the moment of maximum conductance. There cor 
. appear to be two separate effects, namely that the time constamt is relatively short if the sodium 
‘ conductance has not been fully turned on and that it is also shorter when the conductance is E; 
reduced by inactivation. The reason for supposing there are two effects is that inactivation seems 
to shorten the time constant more than incomplete turning on. Thus in Table 5 B the time constant 
in curve 9 is shorter than in curve 3, although both start at about the same initial conductance. ny 
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Because of these complications it is necessary to qualify the conclusions drawn in the preceding 
section by saying that effects as large as those in Table 4 are only seen if the sodium conductance is 
fully turned on at the moment when the fibre is repolarized. 

A similar conclusion was reached in an experiment in which the membrane was depolarized only 
toasmallextent. In this experiment the axon was not hyperpolarized and depolarizations of about 
25 mV were employed. The time constants at 4° C were about 130 usec in 112 mm-Ca, 200 usec in 
22 mm-Ca and 470ysec in 4-4 mm-Ca, From the setting of the feed-back amplifier there was evi- 
dence that the resting potential rose by 5 mV in the 22 mm-Ca solution, which may account for the 
small change in time constant with this solution. Although the time constant with 4-4 mm-Ca was 


Tas_e 5, Time constants in experiment of Fig. 7 


Initial 
Duration of conductance Time 
depolarization (extra ) constant 
Curve (usec) (m-mho/cm*) (psec) 
A. 112 mu-Ca 
2 229 11-5 86 
3 257 15-4 86 
4 382 20-6 99 
5 476 17-7 99 
6 666 15-9 102 
S 925 11-7 96 
B, 22 mm-Ca 
| 124 12-8 109 
2 152 13-9 185 
3 172 17-8 310 
4 229 18-7 359 
5 238 20-3 401 
6 476 22-4 330 
7 554 21-2 281 
8 764 21-2 256 
9 1080 19-4 193 
10 2020 8-5 179 
C. 112 mu-Ca 
2 240 118 76 
3 324 22-0 74 
4 420 21-0 84 
5 496 24-9 78 
6 726 16-8 105 
7 915 15-7 86 


The initial conductances were obtained by extrapolating the curves reproduced in Fig. 7 to the 
time at which the fibre was repolarized. 


3-4 times longer than in 112 mm-Ca the effect is relatively small compared to most of those in 
Table 4. A possible explanation of the difference is that if the sodium conductance is not fully 
turned on, calcium ions may not move far from the sites which they normally occupy. In this case 
the shutting-off process might occur by calcium ions returning to sites rather than by fresh 
calcium ions going on from the external solution. The shortening of the shutting-off time constant 
as inactivation proceeds is a puzzling effect which might have something to do with the fact that 
there may be less ‘sodium carrier’, or that the carrier may be changed chemically under these 
conditions. 


Effect of [Ca], on inactivation in the steady state 
Previous experiments have shown that the fraction of the sodium-carrying 


system which is in a refractory or inactive condition varies with membrane 
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potential in a characteristic manner (Hodgkin & Huxley, 1952c; Weidmann, 
1955). In the steady state, the fraction which is not refractory is related to 
membrane potential by an S-shaped curve of the type shown in Fig. 8. The 
ordinate in this graph is proportional to the sodium current produced by a test 
pulse in which the membrane is depolarized to a fixed value, the abscissa is the 
membrane potential before applying the test pulse. Under an anode the sodium- 
carrying system is almost wholly in a resting state and is capable of transport- 
ing sodium at a high rate when the fibre is depolarized. Under a cathode the 


05 


| +50 mV 


Fig. 8. Inactivation curve in 112 and 4-4 mm-Ca solutions. Abscissa: membrane potential (V) 
before the cathodal polarization is applied, measured from the resting potential. Ordinate: 
sodium current associated with a depolarization of 57 mV below resting potential. /,, is 
scaled in units of maximum current in the two solutions. © in 112 mm-Ca; + in 4-4 mm-Ca, 
@ again in 112 mmu-Ca, Fibre diameter, 630; temperature, 6-5° C. The curves were drawn 
from equation 1 of Hodgkin & Huxley (1952c) with the values given under (3) in Table 6. 
The method of measuring Jy, is shown inset and, in more detail, by the inset on Fig. 3. 


membrane is largely in the refractory state and does not give an increase in 
sodium permeability when depolarized. As found by Weidmann (1955) in the 
Purkinje fibres of the mammalian heart, the inactivation curve is shifted along 
the voltage axis by changing the external calcium concentration; the direction 
of the effect is that reducing the calcium concentration decreases the fraction 
of the sodium-carrying system which is readily available and increases the 
fraction in a refractory or inactive condition. The shift in the inactivation 
curve is illustrated by the difference between the crosses and circles in Fig. 8. 
In this experiment a 25-fold reduction of calcium concentration flattened the 
curve, as well as shifting it laterally by about 20mV. Similar effects were 
observed in two other experiments, but the flattening was less marked than in 
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Fig. 8. Values for the constant k which determines the steepness of the curve 
are given in Table 6 and may be seen to be similar to that obtained by 
Hodgkin & Huxley (1952c), ie. 7 mV with 11 mm-Ca, 55 mm-Mg. 

Table 6 shows the effect of [Ca], on the potential at which inactivation is 
50% complete and on the steepness of the inactivation curve. A comparison 
with Table 3 suggests that calcium ions may have a smaller effect on the inacti- 
vation curve than on the relation between sodium conductance and membrane 
potential. Further experiments are needed to establish this conclusion and to 
replace the preliminary results in Table 6 by more accurate data. 


TaBxe 6. Effect of [Ca], on relation between inactivation and membrane potential in 


steady state in three experiments 
V, (mV) k (mV) 
[Ca], AV, mean , k mean 
(mm) (1) (2) (3) (mV) (3) (mV) 

112 -2 -5 6 56 52 5-6 
22 +9 +1* —3* +5 10 6564 # 62 6-9 
112 -2 -05 -6 58 £62 5-3 
4-4 +18 +75* +14 +16 8 74 127 9-0 
112 -2 -05 -8 — 5 58 #42352 5-3 


V,, and k were obtained by fitting experimental points such as those in Fig. 8 with the equation 

used by Hodgkin & Huxley (1952c), 
(bh) =1/(1 +exp (V, V)/k), 

V,, is the membrane potential at which there is 50% inactivation. V, is given relative to the 
resting potential in each solution (depolarization negative). In the cases marked with an asterisk 
there was evidence from the setting of the feedback amplifier that the resting potential increased 
by about 5 mV in the low calcium solutions. Temperature about 6° C; solutions with [Na], + 
[Ca], 560 mm. 


Effect of [Ca], on the kinetics of the inactivation process 
This problem was not studied systematically. Such experiments as we have indicate: 
(1) that reducing [Ca], may increase the rate of inactivation under a cathode; 
(2) that reducing [Ca], decreases the rate at which inactivation is removed under an anode. 
Both effects would tend to shift the inactivation curve in the manner shown in Fig. 8. 

The evidence for the first statement is that, at the same membrane potential, the duration of the 
phase of inward current is shorter in low calcium than in high (Fig. 2). With relatively weak 
depolarization this cannot be attributed to a rise in potassium permeability because the outward 
current in records such as those with 42 and 63 mV pulses in Fig. 2 is small compared to the inward 
current. With large depolarizations there is no clear evidence about the effect of [Ca}, on inactiva- 
tion rate, and it is possible that the limiting rate reached at large depolarizations may be un- 
affected by calcium. This is what one would expect if the effect of calcium removal were similar to 
a depolarization. 

Table 7 gives the effect of a 25-fold reduction of calcium concentration on the time constant 
with which inactivation is removed under an anode. It will be seen that increasing the calcium 
concentration from 4°4 to 112 mm increases the rate of removal of inactivation by a factor of 
about 2-3. The table also shows that the rate of removal in 4-4 mm-Ca with a hyperpolarization of 
56 mV is about the same as the rate in 112 mm with a hyperpolarization of 32 mV. 
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Taste 7. Effect of [Ca], on rate of removal of inactivation under an anode 


[Ca], Tr 

(mV) (mm) (msec) 
56 112 1-05 
56 4-4 2-42 
56 112 1-18 
32 112 2-42 


Same axon as Expt, 2 of Table 6: temperature 6° C. 


Effect of [Ca], on relation between potassium conductance and membrane potential 

A striking property of cephalopod or crustacean axons is that the outwardly 
directed current associated with a steady depolarization of 10-50 mV is very 
much greater than the inward current associated with a corresponding 


hyperpolarization (Cole & Curtis, 1941; Hodgkin & Rushton, 1946). This 


112 mm-Ca 4-4 mm-Ca 112 mm-Ca 


1 mA/em? 


L 
0 5 10 15 msec 
Fig. 9. Membrane currents associated with sudden changes in membrane potential of +42 mV 
(anodal polarization, upper curve) or —42 mV (cathodal polarization, lower curve). These 
pulses were applied to a resting fibre in presence of 112 or 4-4 mm-Ca. Solutions contained 
196 mam-Na and choline; fibre diameter, 630; temperature, 6-2° C. 


rectification has been shown to arise from changes in the potassium conduc- 
tance of the membrane (Hodgkin & Huxley, 19525, 1953). It has also been 
shown that the potassium conductance does not increase instantaneously but 
with a delay of the order of a millisecond along a markedly S-shaped curve. 
Steinbach et al. (1944) reported that the rectification depends on the presence 
of calcium ions in the external medium; this was confirmed in unpublished 
experiments carried out by one of us with Professor Katz in 1948. The problem 
was not studied systematically in the present investigation, but a number of 
observations indicate that calcium changes the relation between potassium 
conductance and membrane potential in much the same way as it alters the 
relation between sodium conductance and membrane potential. 

The qualitative effect of reducing calcium is illustrated by Fig. 9. This 
shows the membrane current produced when steps of + 42 mV were applied to 
a resting fibre with either 112 or 4-4 mm-Ca in the external medium. In 
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contrast to most other records in this paper, the membrane was not hyper- 
polarized before applying the pulse. In this experiment the external medium 
contained 196 mm-Na so that the sodium currents are relatively small, particu- 
larly in low Ca where inactivation is increased. With 112 mm-Ca in the external 
medium an anodal step of 42 mV gave a current which was barely visible at the 
gain employed. The initial ionic current associated with the cathodal step was 
also small but rose with a delay towards a steady level of about 0-6 mA/cm? 
(the final part of the rise is not shown in these records which were taken for 
another purpose). 

With 4-4mm-Ca both anodal and cathodal currents were altered in a 
manner which suggests that the resting potassium conductance was closer to 
its maximum value. Thus the initial step of ionic current was larger in low 
calcium and under a cathode the conductance rose with less delay to its 
maximum value. With anodal pulses, the current in 4-4 mm-Ca was large 
initially but fell to a low value during the pulse. A similar effect was 
probably present in high calcium, but even at high amplification the low value 
of the resting potassium conductance made it difficult to see much decline in 
current. 

Analysis of other records from the experiment of Fig. 9 indicated that with 
4-4 mm-Ca the potassium conductance at the resting potential was about 25% 
of its maximum value. With 112 mm-Ca in the external medium, a depolariza- 
tion of about 30 mV was required to increase the potassium conductance to a 
corresponding level. 

We have no data from which to estimate the potassium conductance in the 
manner described previously (Hodgkin & Huxley, 1952a, 6). A rough idea of 
the effect of calcium on the relation between g, and V is obtained by plotting 
I'/V against V, where I’ is the ‘steady state’ current measured after about 
10 msec. I’/V approximates to gz when the latter is large but the method is 
inaccurate near the resting potential, since other ions besides potassium con- 
tribute substantially to the current. However, the general form of the curves 
in Fig. 10 confirms the impression that a fivefold reduction of calcium shifts 
the 9, — V curve about 10-15 mV along the voltage axis. 

Since the potassium current can be seen uncomplicated by sodium current 
at the sodium equilibrium potential it was not difficult to investigate the effect 
of calcium on the time course of the potassium conductance at this point. 
Fig. 11 indicates that raising the calcium concentration decreases the rate of 
rise of potassium conductance and delays the onset of the rise. Both effects are 
qualitatively similar to those produced by increasing the membrane potential, 

i.e. making the inside of the fibre more negative. Thus the curves of Hodgkin & 
Huxley (1952d) show that the potassium conductance increases more rapidly as 
the depolarization is increased. In order to explain the marked effect of Ca in 
delaying the onset of the rise in potassium conductance it is necessary to 
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m-mho/em? 

10 

112 mm-Ca 22 mm-Ca 

10 

10 

112 mM-Ca 4-4 mM-Ca 
+ 
+ 
0 


0 + 50 mV 


Fig. 10. Effect of calcium concentration on the relation between potassium conductance and 
membrane potential. Abscissa, displacement of membrane potential from its resting value; 
ordinate, ‘steady state’ conductance measured about 10 msec after the beginning of cathodal 
pulses applied to a fibre hyperpolarized by 41:5mV. From the same experiment as Fig. 2. 
Axon diameter, 583; temperature, 6° C. Note that the ‘steady state’ conductance is not 
exactly equal to the potassium conductance and that, owing to the existence of a leak con- 
ductance (Hodgkin & Huxley, 1952c), the curves shown here are flatter than the true gx - V 


0 10 msec 
4-4 mM-Ca 
112 mM-Ca 
1 mAjcm? 
4-4 mM-Ca— 91 mV 
412 mM-Ca — 95 mV. 


Fig. 11, Membrane currents when the membrane potential is changed from a value 41-5 mV above 
the resting potential to the sodium equilibrium potential, —- 95 mV in 112 mm-Caand - 91 mV 


in 4-4 mm-Ca. The curves are interpolated from a number of records taken at depolarizations _ 
close to Vy,. From the same experiment as Fig. 2. Axon diameter, 583.; temperature, 6° C. 


@e nse 


? cons 
view 
that 
that 
4 
: ° 
q curves. 
The 
been o 
Pola 
4 , the co 


& 


ACTION OF CALCIUM ON ELECTRICAL PROPERTIES 237 


consider the state of the fibre before the pulse is applied. From this point of 
view the best comparison to make is between fibres depolarized to the sodium 
potential from different initial levels. This is illustrated by Fig. 12, which shows 
that the effect of increasing the membrane potential before the pulse resembles 
that of increasing calcium concentration, in that both increase the delay in the 
rise of potassium conductance. 


1 


Fig. 12. Effect of previous hyperpolarization on the rise of potassium current. The upper curves 
show the membrane current when the fibre is depolarized to the sodium equilibrium potential 
(- 100 mV) from the resting potential (A) or from 40 mV anodal polarization (B); 112 mu-Ca 
in both cases. Axon diameter, 678; temperature, 8° C. The lower curves give the potassium 
conductance calculated by the equations of Hodgkin & Huxley (19524) for conditions similar 
to those in the upper part of the figure. Curve C is for a depolarization from V =0 to 
V = —100 mV; curve D fora depolarization from V = +40 mV to — 100 mV. These curves are 
appropriate to a temperature of 6°C and a nerve in sea water (11 mm-Ca, 55 mm-Mg). 
Standard values of Vx, «, and £, were used but the value of jg was taken as 15 m-mho/cm* 
instead of 36 m-mho/cm*. The equations used in plotting were J, = — 1-68 (0-9617 - 0-6440 
exp — ¢/1-069)* for ourve C and J, = ~ 1-68 (0-9617 — 0-9456 exp — ¢/1-069)* for D. The experi- 
mental curves were obtained on a fibre which had previously been exposed to a solution con- 
taining 4-4 mm-Ca; this may account for the relatively small current in A and B. 


The effect of anodal polarization in delaying the rise of potassium conductance (which has not 
been observed previously) fits in well with the formulation of Hodgkin & Huxley (1952d). This is 
illustrated by recalculating the rise in potassium conductance with gx (or n) initially very small 
instead of at the resting level. The curve for n=0-0161, which is appropriate to an initial hyper- 
polarization of 40 mV, is shown in Fig. 12 D and may be seen to rise with a much longer delay than 
the corresponding curve for no initial polarization (curve =0-3177). 
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Calerum-free solutions 

Calcium-free solutions are difficult to work with because (1) the fibre is liable 
to be damaged irreversibly by prolonged exposure to these solutions; (2) the 
membrane resistance is so low that small displacements of the feedback 
amplifier give large currents which may damage the fibre or the electrode; 
(3) it may take a long time to remove calcium from the neighbourhood of the 
membrane; and (4) the fibre is liable to fire continuously for many minutes. 

From the results which have been described previously one might expect 
that a fibre in a calcium-free solution would be in a state in which the potas- 
sium conductance was fully turned on and the sodium-carrying system was 
largely inactivated. The records in Fig. 13 show that these predictions were 
only approximately fulfilled. Records la and 1c give the currents associated 
with pulses of +70 mV in 112 mm-Ca. Records 2a and 2c give the currents 
associated with the same pulse after 10 min in a Ca-free solution. It will be 
seen that, although the potassium conductance is larger in the resting condi- 
tion, the fibre still rectifies. The existence of a phase of inward current after the 
end of the anodal pulse suggests that the sodium-carrying system can still 
operate provided inactivation is removed by previous hyperpolarization. On 
continued washing with Ca-free solutions, the fibre becomes more like an ohmic 
conductor. Records 3a and 3c were taken 20 min later and show less rectifica- 
tion and less inward current after the end of the anodal pulse. However, it will 
be seen that the maximum potassium conductance has decreased since the 
final level of outward current is smaller than previously. This suggests that 
there may be a loss of ‘carrier’ in low calcium, but the effect is not simply an 
irreversible decline because the fibre recovers much of its normal rectifying 
and regenerative properties on replacing 112 mm-Ca (records 4a and 4c). 
Similar results were obtained in other experiments though the change in 
rectification was sometimes more conspicuous (Fig. 14). 

The tentative conclusions from these experiments are: 


(1) that a squid fibre in zero calcium is in a.refractory condition with a high 
potassium conductance and the sodium-carrying system largely inactivated ; 

(2) that changes in sodium and potassium conductance can still take place to a 
limited extent with only traces of calcium in the external medium; 


(3) that fibres in ‘zero’ calcium slowly lose the ‘carriers’ which allow the ~~ 


membrane to undergo changes in sodium and potassium conductance, and 
(4) that the ‘carriers’ seem to be replenished fairly rapidly when a high external 
[Ca] is restored. 


In addition, it seems probable that the membrane loses much of its selective 
permeability and becomes a poor insulator in calcium-deficient solutions. This 
would account for the fall in resting potential which is often observed and for 
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the absence of polarization effects after the end of the cathodal pulse in zero 
calcium (see Frankenhaeuser & Hodgkin, 1956, p. 361). 

Unpublished experiments with a conventional type of internal electrode indi- 
cate that although there may be little change in resting potential, squid fibres 
become inexcitable in zero calcium within 5-20 min (longer in Sepia). If the 
fibres are not kept too long in calcium-free solutions, the spike is restored with- 


in about 1 min by calcium concentrations greater than about 4 mm. The effect _ 


of calcium-free solutions on frog nerve fibres is described by Frankenhaeuser 
(1957). In this case, if adequate precautions are taken to remove traces of 
calcium, the fibres block in calcium-free solutions. 


‘a 


1a~ mm-Ca | mm-Ca 
1c 
3a 
3c 0 
. 1 ma/em?| 
3 ‘cm? 4a oom 
L j 
0 5 10 15 msec 0 40 60 80 msec 
Fig. 13 Fig. 14 
Fig. 13. Membrane currents associated with rectangular pulses of amplitude 70 mV; hyperpolari- 
zations labelled a, depolarizations labelled c; calcium concentrations as shown. The pulses 
were applied without any preceding hyperpolarization. Records la and 1c in 112 mm-Ca. 
Records 2a and 2c are taken 13 min after changing to a calcium-free solution. Records 3a 
and 3c after 33 min in calcium-free solution. Records 4a and 4c were taken 2 min after the 
solution was changed back to 112 mm-Ca. Axon diameter 714u; temperature 5-2° C; 
solutions with [Na], + $ [Ca], =560 mm. 


Fig. 14. Similar to Fig. 13 but with a different axon and with pulses of amplitude +56 mV. la 
and 1c in 112 mm-Ca; 2a and 2c taken 3 min after calcium-free solution was applied; 3a and 
3c after 12 min in calcium-free solution ; 4a and 4c were taken 8 min after returning to 112 mm- 
Ca; 5@ and 5c after 11 min in 112 mm-Ca. The pulses start from an 11 mV anodal polarization 
in records 5a and 5c, from the resting potential in the other records. Axon diameter, 693; 
temperature, 6-5° C. The hump after the end of the pulse in 2a is a propagation artifact, see 
p. 219. This fibre had previously been used for other measurements. 
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Magnesium 

Since there is evidence (e.g. Gordon & Welsh, 1948; del Castillo & Engbaek, 
1954) that the effect of magnesium on threshold is similar to that of calcium, 
the effects of a solution containing 112 mm-Mg (and no Ca) were compared with 
the standard 112 mm-Ca solution. The axons were found to deteriorate rather 
rapidly in the Mg solution and it was not easy to make a quantitative compari- 
son between Ca and Mg. Such evidence as we have indicates that (apart from 
any long-term effects of Ca-free Mg solutions) Mg has a stabilizing action like 
that of Ca but is somewhat less effective. Thus the potential at which the 
sodium conductance was one-tenth maximal was found to be 5 mV nearer the 
resting potential in the Mg solution. Taking the shift in the gx, —V curve as 
15 mV between 112 and 22 mm-Ca (Table 3) it follows that the 112 mm-Mg solu- 
tion is roughly equivalent to a solution containing 65 mm-Ca. 


Tase 8, Effect of solutions containing Mg on the time constant (7,) with which sodium 
conductance is ‘shut off’ under an anode (cf. Table 4) 


112 mu-Ca 112 mm-Mg 
Pulse Tem Temp. 
Expt. (mV) (mV) (° (usec) (usec) 
(1) +40 - 128 6-1 80 6-9 154 
+40 . 6-3 93 
(2) +41 -127 7:7 90 7-2 180 
+41 -127 70 90 — — 


Membrane potentials given relative to resting potential, depolarization negative. 


In two experiments the rate at which the sodium conductance shuts off 
under an anode was compared in 112 mm-Ca and 112 mm-Mg. These results, 
which are given in Table 8, suggest that Mg is about half as effective as Ca. 

Further evidence on the relative effectiveness of Ca and Mg will be given in a 
subsequent paper (Frankenhaeuser, Hodgkin & Keynes, in preparation). 
These experiments indicate that an artificial sea water containing 11 mm-Ca 
and 55 mm-Mg has about the same effect on the spike of the squid fibre as a 
solution containing 44 mm-Ca. The Ca: Mg ratio deduced from this result is 
1:0-6; those obtained in the present work are 1:0-6, from the shift in the 
Ina — V curves and 1:0-5 from the change in rate constant. 


DISCUSSION 
Many of the results in this paper are summarized by saying that changes in 
calcium concentration and changes in membrane potential have similar effects 
on the systems which allow sodium and potassium to move through the mem- 
brane during the spike. This applies, qualitatively, to the variation of sodium 
and potassium conductance with membrane potential and to the rates of 
change of conductance at different membrane potentials. It also applies to the 
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variation of inactivation with membrane potential and to the rate of change of 
inactivation. The conclusion can be made quantitative by saying that a fivefold 
increase in calcium is equivalent to a hyperpolarization of 10-15 mV. However, 
in this case one must make the reservations that calcium appears to have a dis- 
proportionately large effect on the rate at which sodium conductance shuts off 
under an anode and that the shift in the inactivation curve may be less than 
the shift in the sodium conductance curve. 

The action of calcium on the system controlling sodium and potassium 
permeability probably explains its effect on excitability. Thus a nerve be- 
comes more excitable in low calcium, because a smaller depolarization is 
required to increase the sodium conductance to the critical level at which the 
inward sodium current exceeds the outward current carried by potassium and 
other ions. Some of the other effects of low calcium, for example the increased 
tendency to oscillate (Monnier & Coppée, 1939; Arvanitaki, 1939), the low 
membrane resistance (Cole, 1949) and the tendency to give anode-break 
responses, are explained partly by the shift in the sodium conductance curve 
and partly by similar changes in the potassium conductance and inactivation 
curves. 

Two kinds of hypothesis have been advanced to account for the effects of 
calcium. One suggestion, made to us by Mr A. F. Huxley, is that calcium ions 
may be adsorbed at the outer edge of the membrane and thereby create an 
electric field inside the membrane which adds to that provided by the resting 
potential. In this way, adsorbed calcium ions might alter the distribution of 
other charged particles inside the membrane without changing the over-all 
potential difference between inside and outside. A variant of the idea is to say, 
that in low calcium these ions dissociate from negative charges and that the 
latter counteract the stabilizing effect of the field which is present normally. 
This idea accounts satisfactorily for the parallelism between changes in calcium 
concentration and changes in membrane potential and for most of the other 
effects described here. It does not explain the large effect of calcium on the rate 
at which sodium conductance is shut off under an anode, nor does it account 
for the increased calcium entry associated with the conduction of impulses 
(Fliickiger & Keynes, 1955; Hodgkin & Keynes, 1957). 3 

A second suggestion, based on the similarity between the action of calcium 
and changes of membrane potential, is that the increase in permeability 
underlying electrical activity occurs because depolarization removes calcium 
ions from sites or carriers in the membrane (see Hodgkin et al. 1949; Brink, 
1954). The simplest form of this hypothesis is that Ca*+ is removed by the 
purely physical effect of the electric field on the distribution of Ca**+ in the 
membrane. Thus one might imagine that Na+ crossed the membrane through 
special holes which were blocked when occupied by Ca*+ but selectively per- 
meable to Na+ when Ca®+ was first removed. If the sites occupied by Ca were 
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near the inner edge of the membrane and were accessible to external Ca but not 
to internal Ca, the proportion of time for which the holes would be open should 
be greatly increased either by reducing external Ca or by reducing the potential 
difference across the membrane. On this basis, the ratio of closed holes [CaX] 
to open holes [X] at equilibrium would be proportional to [Ca], exp 2a EF/RT, 
where £ is the membrane potential difference and a is the fraction of it by 
which calcium ions are affected in moving from the external fluid to the sites 
where they act; a would be 0-5 if the calcium sites were half way through the 
membrane and nearly | if the sites were at the inside. Since R7/F =25 mV 
and a must be less than 1, it follows that this hypothesis predicts an increase in 
membrane potential of at least 12-5 mV as being equivalent to an ‘e-fold’ 
increase in external calcium. For the theory to be at all plausible, the shift in 
membrane potential should probably not be less than 15 mV for an e-fold 


change. Our measurements indicate that 9 mV is equivalent to an e-fold 


change and are therefore incompatible with the theory. It might be thought 
that the difference was not important since the present measurements are not 
claimed to be exact. However, other evidence indicates that the estimate of 
9 mV may be on the high side. Thus Weidmann’s (1955) results with Purkinje 
fibres or Frankenhaeuser’s (1957) with myelinated fibres indicate an equiva- 
lence of about 6 mV for an e-fold change; measurements of the threshold 
potential in Sepia axons give an average of 12 mV for an e-fold change at high 
calcium concentrations and 7 mV at low concentrations (Hodgkin & Keynes, 
unpublished). Further evidence against the simple theory of electrical removal 
of Ca is that, when [Ca], is reduced, the rate of rise of sodium conductance 
increases more than would be expected on the basis of such a theory. The 
alternative to the simple theory is to suppose that calcium combines with 
carriers whose distribution depends on the membrane potential. This idea is 
clearly too speculative to be worth pursuing at present, but the general possi- 
bility that depolarization acts by removing Ca*+ from combination with a 
sodium carrier seems sufficiently plausible to keep in mind. 


SUMMARY 


1. Using the voltage-clamp technique, membrane currents were recorded in 
a squid giant axon surrounded by solutions containing different concentra- 
tions of calcium (or occasionally magnesium) together with the usual concentra- 
tions of Na, K and Cl. In order to start with the membrane in a fully resting 
condition, the cathodal pulses used to turn on the sodium or potassium 
permeability were superposed on a steady anodal polarization of 40-60 mV. 

2. Decreasing the external calcium concentration, [Ca],, caused large and 
reversible increases in the inward sodium current associated with moderate 
depolarizations, but had relatively little effect on the currents associated with 
depolarizations of 60-120 mV. 
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3. When [Ca], was reduced fivefold, the curve relating peak sodium conduc- 
tance to membrane potential was shifted about 15 mV along the voltage axis, 
in a direction such that a smaller depolarization was required to increase the 
sodium conductance to a given size. 

4. Reducing [Ca], increased the rate at which the sodium conductance rose 
under a cathode and decreased the rate at which it declined under an anode. 

5. In the steady state, reducing [Ca], at constant membrane potential 
increased the proportion of the sodium-carrying system which was in an inactive 
or refractory condition. 

6. Reducing [Ca], caused large increases in potassium current at moderate 
depolarizations and shifted the curve relating potassium conductance to 
membrane potential along the voltage axis; a fivefold reduction of [Ca], was 
roughly equivalent to a depolarization of 10-15 mV. 

7. Reducing [Ca], increased the rate of rise of potassium conductance under 
a cathode and shortened the delay with which the conductance rose. 

8. Axons treated for some time with Ca-free solutions appeared to be in a 
refractory condition in which the potassium conductance was high and the 
sodium-carrying system largely inactivated. 

9. Magnesium had similar stabilizing effects to calcium but was less effective. 

10. Many of the actions of calcium can be summarized by saying that the 
effects of a fivefold reduction of calcium on the system controlling Na and K 
permeability are similar to those of a depolarization of 10-15 mV. 
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THE EFFECT OF CALCIUM ON THE MYELINATED 
NERVE FIBRE 
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Stockholm 60, Sweden 
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In experiments with the voltage clamp technique it was found that in the 
squid giant fibre the external calcium concentration [Ca], determined the 
membrane potential at which the specific changes in sodium and potassium 
permeability occurred (Frankenhaeuser & Hodgkin, 1957). The sodium and 
potassium conductance-membrane potential curves were shifted about 15 mV 
for a fivefold change in [Ca], without an appreciable change in maximum 
amplitudes; the shift was in such a direction that lowering [Ca], reduced the 
depolarization required to bring about a given increase in conductance. When 
the membrane was repolarized at the peak of sodium current the return to 
resting sodium conductance was found to be quicker in high [Ca], than in 
low. Further, it was shown that the inactivation curve was shifted so that the 
sodium-carrying system was more inactivated in low [Ca], than in high. 
There is not sufficient information on the effect of calcium to judge whether 
or not calcium plays a similar role in the frog nerve fibre. Some findings seem to 
be generally accepted: (a) calcium raises the threshold; (6) decalcification 
brings about a low threshold, slow accommodation and repetitive firing. A full 
account of these and related observations is given in Brink’s (1954) review. 
Since the actions of Na and K on the spike height and resting potential of 
a myelinated fibre are similagsto the action of these ions on cephalopod axons 
(Huxley & Stampfli, 1951), it seems reasonable to assume that changes in 
sodium and potassium permeability constitute the basis for changes in mem- 
brane current in both cases. On the other hand, Tasaki and his collaborators 
(Tasaki & Frank, 1955; Tasaki & Freygang, 1955; Tasaki, 1956) have 
recently rather indirectly arrived at the conclusion that the frog nerve does 
not show permeability changes similar to those in the squid fibre. 
If specific permeability changes, similar to those in the squid fibre (Hodgkin 
& Huxley, 1952) are the basis of electrical activity in the frog nerve, and if 
calcium has a similar effect on these permeabilities in both nerves, then it 
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would follow that: (1) the threshold would change with [Ca], (2) anode break 
excitation would appear in low [Ca],, (3) the action potential amplitude would 
be smaller in low [Ca]p, and (4) the fibre might be inexcitable in a calcium- 
free solution. 

In the present investigation the membrane potential at a single node of 
Ranvier of an isolated fibre was recorded while the [Ca] in the external solu- 
tion was varied. Thresholds and maximum amplitudes of the action potential 
were measured. The membrane potential was recorded with a technique 
based on negative series feedback (Frankenhaeuser, 1957). In a number of 
experiments the longitudinal current was recorded instead of the membrane 


potential. 
‘TECHNIQUE 


Preparation. Isolated fibres in the frog sciatic nerve were used (Rana esculenta). The fibres were 
mounted in a partitioned Perspex cell and sealed with petroleum jelly at appropriate places for 
stimulation and recording (see Frankenhaeuser, 1957). 

Solutions. The Ringer’s solution used had the following composition : 


g/l. mM 
NaCl 6-47 110-5 
KCl 0-186 | 44 
CaCl, 0-120 
NaHCO, 0-200 - 2-4 


Note that this solution contains less calcium than frog plasma, which has 2 mm-Ca (Fenn, Cobb, 
Hegnauer & Marsh, 1934). Cocaine Ringer’s solution was applied to that part of the fibre which had 
to be inactive when the longitudinal current from one node was recorded. When the membrane 
action potential at a node was recorded cocainization was as a rule not necessary. 

Solutions of varying [Ca] were applied to the node under observation. The osmotic pressure of 
these solutions was kept constant by changing the NaCl as required. The solutions with high 
(Ca] thus contained somewhat less NaCl than solutions with low [Ca]. 

Stimulation and recording. A number of experiments were done in which the longitudinal 
current produced by a single node was recorded. The isolated fibre was mounted in a Perspex cell 
with two petroleum jelly seals (Fig. 1A). The node (N,) under observation was between the seals. 
The one seal limited the stimulating current in the external fluid. The other seal provided a high 
external recording resistance. Both seals prevented the solution in the middle pool from mixing 
with the solution in the other pools, Cocaine Ringer’s solution was kept in the two side pools in 
d.c. amplifier. Cathode followers were used at the input. 

Rectangular pulse stimulators were used; in some experiments a stimulator which piabiaia a 
slow linear rise of applied potential was also employed. 

The longitudinal currents at threshold depolarization and at maximum activity were measured 
on enlarged photographic traces, The aim of the experiments was to obtain figures (in mV) for the 
membrane action potential and for the membrane potential at threshold in solutions with varied 
[Ca]. The technique does not allow such measurements without some assumptions. It was thus 
assumed that the action potential amplitude was 116 mV in the solution with 1-08 mm-Ca (Huxley 
& Stampfli, 1951a). Another difficulty was that the longitudinal current for an applied rectangu- 
lar pulse is peaked, owing to the cable structure of the fibre, whereas the membrane potential 
rises more or less exponentially to the final value. This introduces some uncertainty in the calcula- 
tion of the membrane potential from the records of longitudinal currents. These difficulties do not 
appear when the membrane potential is recorded. 

The membrane potentials at threshold stimulus and at the peak of the action potential were 
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measured on records of membrane action potentials obtained with a recording system & 
strong negative feedback (Fig. 1B). This technique has previously been fully described aaa 
haeuser, 1957). Here all that need be said is that changes in membrane potential were recorded 
without any appreciable attenuation. Thresholds, polarization and action potential amplitudes 
were therefore measured directly without any assumptions about attenuation or distortion at 
the recording site. The node under observation was sealed with petroleum jelly on either side, 
so that any solution applied to this node did not mix with those at the other nodes. The test 
solutions were applied only to the node under observation. 


A 


CRT 


Fig. 1. Arrangements for stimulation and recording. N,, node under observation. N_, and N,,, 
neighbouring nodes. 8, rectangular pulse stimulator. al, d.c. amplifier, connected to a 
cathode-ray tube. Shaded regions indicate petroleum jelly seals. A: arrangement for re- 
cording longitudinal current from node N,, whole fibre, except part between the seals, cocain- 
ized. B; arrangement for recording membrane potential at node Ny. a2, feedback amplifier 
as described previously. Changes in membrane potential appear at the output of the feed- 
back amplifier, these are recorded with amplifier a1. 


RESULTS 
Threshold and external calcium concentration 


The changes in membrane potential were recorded when a threshold stimulus 
was applied to the isolated node under observation. The threshold was measured 
as the difference between the potential at rest and the potential at which the rate 
of rise in membrane potential due to regeneration was 20 V/sec. The threshold 
could equally well be defined as the lowest cathodal polarization at which a sub- 
threshold activity is visible, or as the critical cathodal polarization necessary 
to give rise to a full-grown action potential (see Tasaki, 1956). A measure- 
ment of just-visible subthreshold activity gives a somewhat lower value for 
the threshold than the two other methods, which give nearly the same value. 
The thresholds were measured in solutions containing 0-04-27 mm-Ca, and 
plotted against the logarithm of the [Ca] in the external fluid (Figs. 2, 3). It 
is evident that there is not a rectilinear relation between the threshold and the 
logarithm of the [Ca],, the slope of the curve being less in low [Ca],. In other 
experiments where the calcium concentration was increased in smaller steps 
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(twofold instead of fivefold) there was an indication of a linear relation over 
the range of about 1-16 mm-Ca. 

The resting potential was not determined in these experiments, Small 
shifts in membrane potential were sometimes noted when the solutions were 
changed. These shifts were not regular, and were less than about 4 mV, even 
when the calcium concentration was changed 25-fold (cf. Stampfli & Nishie, 
1956). All measurements have been made relative to the resting membrane 
potential in the solutions in question, so these small shifts in resting potential 
have been neglected. In low [Ca], there was, however, a complication which 
had to be considered: the fibre showed an anode-break excitation, suggesting 


Fig. 2. Membrane action potentials from an isolated node of Ranvier at different external calcium 
concentrations. The action potential amplitude was measured on records similar to those in 
column A, where a short, well-suprathreshold stimulus was applied. Thresholds were measured 
on records similar to column B, where a long-lasting just-threshold stimulus was applied, or to 


were taken without anodal polarization to indicate the level of the resting potential before the 
anodal polarization was applied. Stimulating pulse indicated on upper beam (this beam has 
no relation to zero resting potential). Calibration lines indicate 100 mV, time 10 msec. 


column C when the stimulating pulse was preceded by anodal polarization. One or two sweeps _ 


oe 


mM-Ca 

Fig. 4 


mV 


Fig. 3. Threshold membrane potential in three isolated fibres plotted against calcium concentra- 
tion in the external medium. Abscissae, logarithmic. Thresholds were measured on records 
similar to column B in Fig. 2. Solutions made up with A.R. grade salts and distilled water, 
and kept in Pyrex bottles (not silicone treated) in this and other experiments, except when 
otherwise stated. Resting potential shown as zero, cathodal polarization shown upwards. 


10 


Fig. 4. Threshold plotted against [Ca], when test pulse is preceded by anodal polarization. Measured 
on records like column C in Fig. 2. The same fibres as in Fig. 3. Lines are drawn with a slope 
of 9-2, 9-2 and 10-8 mV for a fivefold change in [Ca},. 
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that there was some permanent inactivation of the sodium-carrying system 
(Hodgkin, 1951). A fibre in a solution with 1-08 mm-Ca or more did not show 
anode-break excitation as long as the fibre was not seriously run down (cf. 
Hodgkin, 1951; Frankenhaeuser & Widén, 1956). Frankenhaeuser & Hodgkin 
(1957) found that in the squid fibre the sodium-carrying system was more 
inactivated in low [Ca], than in high. It therefore seemed reasonable to 
ascribe at least part of the deviation from a linear relation to inactivation in 
low [Ca]. In the squid fibre, inactivation of the sodium-carrying system was 
removed by anodal polarization. In order to find out how far an increase 
in threshold in low [Ca], was due to decreased regeneration (as a result of 
inactivation), threshold measurements were made when an anodal polarization 
preceded the cathodal test pulse. The threshold was measured as in the pre- 
ceding experiments from the level of the resting potential (Fig. 2). Fig. 4 
shows that in solutions with 1-08 mm-Ca or more the threshold was almost 
unaffected by a preceding anodal polarization (10-40 mV, lasting about 
10 msec). However, in low [Ca], the threshold was clearly lower when the 
test pulse was preceded by anodal polarization. In this case there was a 
linear relation between the threshold and log [Ca], over a wide range, although 
the threshold in the lowest [Ca], was still somewhat higher than the value 
extrapolated from this linear relation Evidence will, however, be given 
(p. 253) that at least part of this deviation was due to calcium contamination 
of the solutions. In these experiments the threshold changed 9-11 mV for 
a fivefold change in [Ca],. Including five other experiments, the change was 
6-5-12 mV, with a mean of 9-3 mV. 


Action potential amplitude 
The action potential amplitudes were also measured on the records, being 
taken as the potential difference between the resting potential and the peak of 
the action potential. How the action potential amplitude depended on the 
[Ca], is shown in Fig. 5. In the range of low [Ca], the action potential was 
clearly smaller. When an anodal polarization was applied before the test 
pulse then the amplitude was independent of the [Ca], (Fig. 6). The amplitude 
was somewhat lower in 27 mm-Ca, as expected from the decreased [Na], in 
this solution. A stepwise increase of the anodal polarization in the low [Ca], 
increased the action potential amplitude to the size it had in high [Ca],, and a 
further increase in polarization had no additional effect. The amount of polar- 
ization was therefore not critical. It should, however, be pointed out that in 
successively lower [Ca],’s stronger polarizations were necessary in order to 

make the action potential reach the limiting value. 
Inactivation of the sodium-carrying system decreases the amplitude of the 
action potential. Anodal polarization removes the inactivation and hence 
restores the size of the action potential. It should be noted that the fibre 
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Pkt. Za, Peak amplitude of membrane action potential plotted against (Ca],. 
From the same three experiments as Fig. 3. 
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mM-Ca 
Fig. 6. Peak amplitude of membrane action potential plotted against [Ca),. The test pulse was 
preceded by anodal polarization. From the same three experiments as Fig. 3. The line is 
drawn through 123 mV at 1 mm-Ca, and shows how Vx, changes with the composition of 
the solutions. 
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might be somewhat inactivated without a marked drop in action potential 

height. The frog fibres were evidently partly inactivated in low [Ca]. In the 

squid fibre the sodium-carrying system was also more inactivated in low [Ca], 

than in high (Frankenhaeuser & Hodgkin, 1957). The findings are thus so far 

fully consistent with the view that calcium has the same influence on the 
ted nerve fibre as it has on the squid fibre. 


Inactivation 

The experiments just described show that the fibre was inactivated at its resting potential in 
low [Ca], but not in a solution containing 1-08 mm-Ca or more, in as far as the inactivation can be 
judged by the relatively crude method of measuring the action potential amplitude. From 
these experiments it cannot be decided whether the level of membrane potential at which inactiva- 
tion begins is shifted further in the direction of lower membrane potentials in the high [Ca],. In 
order to obtain some information on this point the following experiment was made. The longi- 
tudinal current produced by the stimulated node was recorded (other nodes were cocainized). 
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4 3 2 -1 +1 
Fig. 7. Peak amplitude of longitudinal current plotted against conditioning potential applied 
across a seal at a neighbouring internode. Conditioning potential given in units of the rheo- 
basic potential in the solution with 1-08 mm-Ca. eee 
Calcium concentrations: x, 1-08 mm; @, 8-6 mm; O, 0-27 mm. 


The node was conditioned with a slowly increasing cathodal polarizing current with a slope much 
smaller than the critical slope. The node was stimulated with a short test pulse superimposed at 
different times on the slowly increasing current. The amplitude of the longitudinal current was 
recorded at a number of depolarizations in the solutions with different [Ca],. It was found that 
larger depolarizations were necessary to decrease the amplitude of the longitudinal current if the 
[Ca], is increased (Fig. 7). The fibres were thus partly inactivated already at resting membrane 
In high [Ca], the fibres were not 
markedly inacti at resting potential and the the [Ca],, the the 
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Inactivation (as measured here) in the myelinated nerve is first detectable at a membrane 
potential which is relatively close to the threshold (1-08 mM-Ca or more) (e.g. Frankenhaeuser, 
1952). This complicates an analysis of the inactivation with the ordinary rectangular conditioning 
and test pulse technique, since the fibre fires a regenerative impulse already at conditioning pulses 
which by no means fully inactivate the fibre. To avoid this complication a slowly increasing con- 
ditioning current was used. The regenerative response was thus avoided but the time course of in- 
activation could not be investigated. Further observations with the technique of recording the 
membrane potential were not made since it seemed that this would not give much more inform- 
ation on the subject. 
Summarizing, it may be said that the myelinated fibre at corresponding membrane potentials 
was more inactivated in low [Ca], than in high. The question then arises whether the fibre is fully 
inactivated in a calcium-free solution or not. 


| Fastlure of spike in calcium-free solution 

The longitudinal current was recorded from the stimulated node, other 
nodes were cocainized. A supposedly ‘calcium-free’ solution, made up from 
A.R. NaCl, KCl and NaHCO, and twice-glass-distilled water, was applied to 
the node under observation. The node was stimulated and the longitudinal 
current was found to be somewhat smaller than in a solution with 0-067 mm-Ca. 
The question then arose as to whether there were still traces of calcium in the 
solution, or whether the fibre actually was excitable in a calcium-free solution. 
Similar ‘calcium-free’ solutions with some sodium citrate or sodium fluoride 
were applied in other experiments. The result was very much the same as in the 
experiment just mentioned, the fibre still responding with a longitudinal 
current, diminished but appreciable. The next step was to avoid any calcium 
contamination as far as possible. The precautions taken were: (1) Johnson and 
Matthey’s ‘Specpure’ NaCl was used; (2) A.R. KC] and NaHCO, were used; 
(3) the distilled water was passed through an ion-exchange resin; (4) all the 
glassware (Pyrex) was silicone-treated and very carefully cleaned; (5) con- 
tamination by touching pipettes, etc., was avoided as far as possible. When this 
solution was applied, the fibre became inexcitable within a minute, the time 
taken to change the solution (Fig. 8). The effect was regular and well reversible 
many times on each preparation. To a fibre which was blocked in the solution 
the less thoroughly prepared ‘calcium-free’ solution was applied. The fibre 
immediately became excitable. It was further found that a trace of CaCl, 
added to the solution (0-01 mm) was sufficient to make the fibre excitable. 
The possibility remained that the resin introduced into the solution some 
surface-active substance which caused the block. Some rather special assump- 
tions about the action of this substance would be required: (1) the sub- 
stance would be active only in the absence of calcium, the calcium in the 
A.R. salts being sufficient to prevent their action (see record B); (2) the 
action of the substance is required to be similar to the action of low [Ca], 
since the linear relation between threshold and log [Ca] (in the polarized 
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fibre) holds without much deviation to about 0-01 mm-Ca when the solutions 
are made with the precautions mentioned. In Fig. 4, where no special pre- 
cautions were taken, the deviation is markedly earlier. The presence of a 
surface-active substance derived from the resin is therefore a rather remote 
possibility, even if it cannot be fully excluded. The frog fibre was thus inexcit- 
able in a calcium-free solution. Small traces of calcium were sufficient to main- 
tain or restore excitability. 


Delayed rectification 
So far the experiments have been designed to deal with the effect of calcium on the changes in 
threshold and the amplitude of the action potential. Now the influence of calcium on the delayed 
rectification will be considered. A linearly increasing voltage, with a slope much smaller than the 
critical one, was applied across a seal at one internode and the longitudinal current at the next 
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Fig. 8. Longitudinal currents produced by one ‘active’ node, other nodes cocainized. The external 
solutions were: A, Ringer’s solution with 1-08 mm-Ca, made up from A.R. grade substances 
and distilled water; B, ‘calcium-free’ Ringer’s solution made up from A.R. grade substances 
and distilled water passed through an ion-exchange resin ; C, ‘calcium-free’ Ringer’s solution 
made up from A. R. grade substances and distilled water; D, ‘calcium-free’ Ringer’s solution 
made up from ‘Specpure’ NaCl, A.R. grade KCl and NaHCO, and distilled water passed 
through an ion-exchange resin; Z as in A. The order of solution change was A, B, C, D and £. 
All records were taken immediately after the solutions were changed, 4-6 traces superimposed. 
Stimuli well above threshold, increase in stimulus did not increase the small response seen in 
D. Note that the only difference in solutions used in B and D is that in B A.R. grade NaCl 
was used and in D ‘Specpure’ NaCl. Known amounts of calcium were added to the solution 
used in D, and the longitudinal currents in these solutions were compared with B in order to 
obtain a value for the apparent calcium concentration in the solution used in B. This value 
was about 0-02 mm-Ca. Maximum calcium impurity specified on the A.R. grade NaCl used 
would account for 0-008 mm-Ca and 0-014 mm-Mg. The agreement in order of size is considered 
satisfactory. The amount of calcium chloride (or substances having a similar action) in 

solution B would be about 2 mg/l. 
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internode was recorded, while all the nodes except the one between the seals were cocainized. The 
recorded current would increase linearly if the nerve fibre were equivalent to a cable with ohmic and 
capacitive components, For anodal currents this was approximately the case, as it was for cathodal 
currents when the node between the seals was also cocainized. When the node between the seals 
was fully excitable, the recorded current rose with a steeper slope at applied potentials lower than 
the rheobasic value; at higher external potentials the slope became smaller (Fig. 9). This suggests 
that when the node is depolarized its conductance increases so that there is proportionately less 
current in the region beyond the node. An increase in sodium conductance would only tend to 
make the slope steeper at large depolarizations. An increase in potassium conductance at rheo- 
basic or larger potentials would decrease the slope as in the experiments. It should be pointed out 
that the slope for small cathodal currents was the same as the slope for anodal currents. Further, 


3-64 1-08 0-27 mM-Ca 


Fig. 9. Longitudinal current (upper trace) recorded across a seal at one internode, associated with 
a linearly increasing potential (lower trace) applied across a seal at a neighbouring internode. 
The node between seals fully excitable, other nodes cocainized. Depolarization of node N, 
between seals deflexion upwards. Maximal external potential about three times the rheo- 
base in solution 1-08 mm-Ca. Calcium concentration as marked. 


it might be mentioned that the amount of rectification (ratio of slope at low potentials to slope 
at large potentials) was not strictly independent of the slope of the applied potential and that 
the rectification was larger when larger external potentials were used. Too large external poten- 
tials could not be used, since they damaged the anodally polarized node (N_,) when the ex- 
ternal potential exceeded the rheobasic potential by about 10 times. All this rather seriously 
limits investigations of the rectification by the present technique. Some points were, however, 
quite clear: (1) the rectification started when the external potential approached rheobasic value, 
and (2) the node depolarized somewhat above threshold level had a resistance, measured in 
this way, which was some 7-10 times lower than that of the node at resting potential or when 
hyperpolarized. 
Experiments of the same type were done with the node under observation kept in solutions 
with different [Ca], (Fig. 9). The slope of the recorded current was the same at small cathodal 
polarizations in solutions from 1-08 mm-Ca upwards and also at anodal polarizations. The level 
} at which the slope decreased was shifted approximately as much as the rheobase towards larger 
same shape in all the solutions, 
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Summarizing, it may be said that: (1) the myelinated fibre showed a rectification, of the type of 
‘delayed rectification’ in the invertebrate nerve fibre, which began near threshold membrane 
potential; (2) the membrane resistance at high membrane potentials was nearly the same in 
different external [Ca]’s; (3) the level at which ‘delayed rectification’ began was shifted about 
5-10 mV for a fivefold change in external [Ca] in the direction towards lower membrane potentials 
when the [Ca], was increased; (4) the resolution of the method was limited, partly for the reasons 
noise in the amplifier. 


Changes in the form of the action potential 

It should be noted that there are some typical changes in the shape of the 
action potential associated with the external [Ca]. These changes were not 
very distinct in [Ca],’s near 1-08 mm; but they were more clear with the 
extreme concentrations used. In the highest [Ca], the rising phase of the action 
potential was somewhat less steep, the peak more rounded and the falling 
phase began rather slowly (see Fig. 2). A preceding anodal polarization changed 
the shape and amplitude very little. In very low [Ca], the rising phase was also 
less steep than in 1-08 mm, the peak of the action potential was sharp and the 
beginning of the falling phase was steep, but before the resting potential was 
reached a plateau occurred. A weak anodal pulse applied at the time of the 
plateau brought about a regenerative response so that the resting potential 
level was reached more quickly, and a weak cathodal pulse again prolonged 
the. plateau markedly (cf. Tasaki, 1956), A preceding ancdal polarization 
had rather striking effects on the action potential in low [Ga]. The rising 
phase was much steeper and the amplitude of the action potential was in- 
increased towards the limiting value of the size of the action potential in 
high [Calp. 

It should further be pointed out that the effects of calcium were quickly 
reversible. The fibres, however, do ‘run down’ somewhat when they are kept 
in low [Ca], for long periods, e.g. an hour or more. 

When only one node was kept in low [Ca], the isolated fibre rarely fired 
spontaneously. In solutions with less Ca than about 0-2 mm the fibres regu- 
larly responded with an action potential at an anode break. Threshold con- 
ditions for this effect were not investigated in further detail. In higher [Ca],’s 
(>1-08) this was never seen except in cases where the fibre was obviously 

damaged. 
Experiments on desheathed nerve and nerve with intact connective tissue sheath 

Most of the findings described above for single fibres have been confirmed 
with experiments on desheathed nerve. Threshold measurements were made, 
and the thresholds changed qualitatively as described. Relative values only 


were obtained, and some assumptions were required to get the slope of the 
threshold change (cf. Brink, 1951). Some idea about the amplitude of the 
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action potential in low [Ca], was obtained from measurements of the potentials 
necessary to produce an anode block. In ‘calcium-free’ solutions, made up 
with the precautions mentioned on p. 253, the nerve did not block fully and a 
small action potential was still obtained. The decrease in action potential 
might have occurred in several ways, for example: (1) some fibres may have 
become refractory, as a result of spontaneous firing, (2) the action potentials of 
individual fibres may have decreased, (3) some fibres may have been blocked by 
inactivation. Spontaneous firing decreased in the ‘Ca-free’ solution, com- 
pared to low [Ca],, but never ceased completely. The amplitude of the action 
potential in the individual fibres must have been much reduced since anode 
block appeared at very low external potentials (about 10-20 mV across a 
0-7 mm long stimulating gap for complete block). 

Anode-break excitation appeared regularly in low [Ca],. All the changes 
were nearly complete after the fluid change, which took one or two minutes. 
_ The calcium solutions were also applied to nerves which had an intact 
connective tissue sheath. These preparations behaved quite differently. The 
threshold changed only slowly when a test solution was applied. The change 
in threshold was half complete in about half an hour, when no branch of the 
nerve was cut in the vicinity of the stimulating site. 


DISCUSSION 


In the voltage clamp experiments on the squid fibre (Frankenhaeuser & 
Hodgkin, 1957) it was found that a fivefold change of the external calcium 
concentration had the effect that the level of the membrane potential at 
which the specific changes in sodium and potassium conductance appeared 
was shifted about 15 mV. On the basis of this, threshold changes of the same 
order of magnitude would be expected. The shift of threshold would, however, 
be affected by some other complications. The driving force for sodium is 
decreased at threshold in very high calcium concentrations, since some sodium 
is replaced by calcium, and the membrane potential at which change in sodium 
conductance appears is shifted. This results in decreased regeneration and 
increased threshold. In low calcium the amount of inactivation increases and 
this tends to increase the threshold potential unless the fibre is anodally 
polarized. 

Summarizing the results it was found that: (1) the action potential amplitude 
was smaller in solutions with very low [Ca]); (2) the action potential amplitude 
in low [Ca], approached the amplitude in high [Ca], when the fibre was 
anodally polarized before the test pulse was applied ; (3) larger applied cathodal 
potentials were needed the higher the [Ca], in order to inactivate the fibre so 
much that the action potential was decreased; (4) the relation between the 
threshold and the logarithm of the external [Ca] was nearly linear (slope 
about 9 mV/fivefold change in [Ca],) over a wide range of [Ca], provided that 
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the fibre was previously anodally polarized so that the whole sodium-carrying 
system was available for the regenerative response; (5) the potential level at 
which rectification appeared was shifted approximately as the threshold when 
the external [Ca] was changed; (6) the fibres discharged an impulse when in 
low [Ca], at the break of an anodal polarization; (7) the. fibre became 
inexcitable within a minute when a calcium-free medium was applied (for 
precautions against calcium contamination see p. 253), this effect being 
quickly reversible. 

From these results it is concluded that some calcium in the external fluid 
is necessary for maintained excitability in the myelinated nerve fibre. The 
inexcitability in a calcium-free medium described above should be distinguished 
from the well-known slow ‘running down’ which the nerve shows in a solution 
with low calcium concentration. An isolated fibre showed a relatively large 
action potential when it was washed five hours in a solution containing about 
0-01 mm-Ca or in a ‘calcium-free’ solution made up from A.R. sodium chloride. 
In such solutions the fibres did slowly run down to some extent. This effect 
was, however, not well reversible. When the high-grade calcium-free solution 
(see p. 253) was applied, inexcitability appeared within a minute (time taken 
for changing the solution), this effect being equally quickly reversible if the 
calcium-free solution was applied for a relatively short time (5-15 min). If 
applied much longer, then the fibre did ‘run down’ and the full recovery was 
slow. These results are all consistent with the idea that external calcium ions 
are essential for conduction. In other preparations the evidence is less clear. 
Cephalopod axons conduct impulses for some time in supposedly calcium-free 
solutions (5-20 min in Loligo, longer in Sepia), and when finally blocked quite 
high concentrations of calcium, 2-4 mM, are needed to restore conduction 
(Frankenhaeuser, Hodgkin & Keynes, unpublished). Possible explanations of 
this result are: (1) calcium in the external solution is not immediately neces- 
sary for impulse generation; (2) even if there is no calcium in the solution 
outside the fibre, there may be traces of calcium immediately outside the 
active membrane, possibly derived from the Schwann cell or from the con- 
nective tissue. The experiments on the myelinated fibre seem clearer on this 
point since here calcium is immediately necessary for impulse generation. It 
was not possible to find out exactly at what calcium concentration excitability 


reappeared in the fibre, since the concentrations are so small that it was im- 


possible to check well enough unwanted contaminations. 

Since only very small traces of calcium are needed to maintain conduction, 
the present finding that the fibre quickly loses its excitability in a genuinely 
calcium-free Ringer’s solution is not inconsistent with the finding that a nerve 
conducts impulses for a considerable time when in an ‘ordinary’ Ringer’s 
solution without calcium. 

A point which requires further investigation is that the fibres did not 
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become inexcitable when they were in a solution with low [Ca], to which some 
sodium citrate was added. 

Calcium plays an important role in the mechanism that determines the 
specific conductance changes in the nerve membrane. The present findings on 
the myelinated frog fibre are in good agreement with the findings obtained 
with the voltage clamp technique on the squid fibre. It therefore seems 
reasonable to assume that the mechanism for the calcium action is essentially 
the same in these two rather different types of nerve fibres. 


SUMMARY 

1. Longitudinal currents or membrane action potentials were recorded in 
isolated myelinated frog nerve fibres in different external calcium concentra- 
tions. 

_ 2. The action potential amplitude was smaller when [Ca], was low. 

3. The effect of anodal polarization was to make the action potential 
amplitude independent of [Ca],. 

4. The threshold increased with the [Ca],. The relation between the thres- 
hold and the log [Ca], was nearly linear, with a slope of about 9 mV/fivefold 
change in [Ca],, when the fibre was anodally polarized before the test pulse 
was applied. | 

5. The fibre was more inactivated in low [Ca], than in high. 

6. The potential level at which rectification appeared was shifted approxi- 
mately as the threshold when the [Ca], was changed. 

7. The fibre was excited at the break of an anodal polarization when the 
[Ca], was low. 

8. The fibre became inexcitable within a minute when a calcium-free 


- medium was applied provided that precautions were taken to avoid calcium 


contamination. The effect was quickly reversible. 
9. Small traces of calcium (<0-01 mm) were sufficient to maintain or restore 
excitability. 
- 10. It is concluded that calcium is immediately necessary for impulse 
activity. 
11. The results are discussed in relation to the results obtained on the squid 
giant fibre with the voltage clamp technique. 
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THE CONCENTRATION OF UREA IN THERMAL SWEAT 
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Many authors have reported that urea is more concentrated in sweat than in 
blood (see Robinson & Robinson, 1954, for a review of the literature on the 
chemical composition of sweat). Schwartz, Thaysen & Dole (1953) have 
suggested that sweat is formed from a precursor fluid into which urea diffuses 
freely from the blood, and that urea is later concentrated by the reabsorption 
of water from the sweat. If this view is accepted, then the ratio of the urea 
concentrations in sweat and blood can be used as an index of water reabsorption 
from the sweat just as the ratio of the urea concentrations in urine and blood 
can be used as an index of water reabsorption from the urine, provided that 
back-diffusion of urea can be neglected. The reasons for supposing the above 
hypothesis to be correct and for supposing that back-diffusion of urea from the 
sweat is negligible will be discussed later. 

The purpose of this paper is to investigate the relationship between the 
sweat/blood urea ratio and the sweat rate and then to use the above assump- 
tions to deduce the relationship between the water reabsorption and the 
sweat rate. This question was studied by Schwartz et al. (1953), who concluded 
that the urea ratio was constant and independent of the sweat rate. However, 
under the experimental conditions considered in this paper, the urea ratio 
decreases towards 1 as the sweat rate increases. The reasons for this apparent 
disagreement will be considered in the discussion. 


METHODS 
Two experiments were performed. The first was a preliminary experiment on the author (M.G.B.) 
and another subject, H.L.; in the second experiment four subjects, B.C., T.D., M.D. and H.M. 
were used. The concentration of sodium in the sweat of these four subjects has been reported before 
(Bulmer & Forwell, 1956). 
Subjects B.C., T.D., M.D. and H.M. were exposed twice a day, 5 days a week for 5 weeks during 
January and February 1955. During the first, second, third and fifth weeks the arm from which 


sweat was being collected was immersed in a large water-bath maintained at 42° C; in these weeks 


the ambient temperature was either 45 or 50° C and the relative humidity was 35%. The subjects 
* Present address: Department of Social and Preventive Medicine, York Place, Manchester 13. 
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sat with one arm in the water-bath for an hour, the first half-hour of which was used as a running- 
up period, the second as a collection period. During the fourth week they ran on a treadmill in a 
room at either 39 or 46° C and 35% relative humidity. They sat in this room for 10 min and then 
ran on the treadmill for 50 min, the first 20 min of which were used as a running-up and the 
remaining 30 min as a collection period. 


In the preliminary experiment on M.G.B. and H.L., sweat was collected by the water-bath 
method. 


After the running-up period, one arm was washed down with distilled water, dried, and enclosed 
in a polythene arm-bag up to a fixed mark on the upper arm. Hand sweat was excluded by a 
rubber glove sealed with adhesive tape. After half an hour the sweat was emptied from the bag 
and weighed. The arm and arm-bag were washed down with distilled water and the calculated 
volume of sweat present in the washings added to the weighed amount. (This volume was cal- 
culated from a comparison of the concentrations of sodium in the sweat and the washings.) The 
time taken to wash down the arm was added to the collection period and the sweat rate corrected 
accordingly. A sample of capillary blood was taken from a finger immediately after each 
exposure. Urea in sweat and blood was estimated by the method of Archibald (1945). Salt tablets 
containing about as much sodium chloride as that lost in the sweat were taken with meals. 


RESULTS 


In Figs. 1 and 2 the sweat/blood urea ratio, r, is plotted against the reciprocal 
of the sweat rate, 1/V. (From now on, r denotes the urea ratio and V the 
sweat rate.) In the second experiment, the results of which are plotted in 
Fig. 2, the data for the first 7 days during which the subjects were becoming 
acclimatized to heat have been omitted. Data from the water-bath experi- 
ments during the next 8 days (period 1), from the treadmill experiments 
(period 2) and from the water-bath experiments following the treadmill 
experiments (period 3) have been plotted and treated separately since there 
seem to be differences between them in some subjects. There is considerable 
scatter in these graphs, but some of them at least can obviously be well fitted 
by straight lines. The results of the usual test for the goodness of fit of a straight 
line are given in Table 1. If all these tests are combined by Fisher’s (1948) 
compound probability test, the probability of getting as bad a fit or worse is 
found to be 65%. Thus there is no reason to suppose that the true regression 
of r on 1/V is not straight, and it is felt that if any appreciable curvature were 
present, it would have shown up in the combination of all the tests. It can 
therefore be concluded that the regression of r on 1/V is, at least approximately, 
a straight line. The constants of the best-fitting lines are given in Table 2. 

Before considering this table in more detail, the relationship between the 
urea ratio and water reabsorption will be discussed. It has been found that r 

is linearly related to 1/V: : b 
r=a+—, (1) 


which can be rewritten rV =aV +b, 
or rV—V=(a—1) (3) 
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Fig. 1. First experiment. Urea sweat/blood ratio plotted against the reciprocal of the sweat 
rate for subjects M.G.B, and H.L. The lines drawn in this figure and in Fig. 2 are those which 


give the best fit. 
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Fig. 2, Second experiment. Urea sweat/blood ratio plotted against the reciprocal of the sweat 
rate for subjects B.C., T.D., M.D. and H.M. Data from the three periods of the experiment, 
explained in the text, have been plotted separately. 
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If it is assumed that urea is present in the precursor fluid in the same con- 
centration as in the blood and that, during the formation of the sweat, water 
but not urea is reabsorbed, then rV is the volume of the precursor fluid and so 
the term, rV — V, is the amount of water reabsorbed since it is the difference 
between the volume of the precursor fluid, rV, and the observed volume of 
sweat, V. Thus the amount of water reabsorbed can be split up into two 


Taste 1. F-tests for the goodness of fit of a straight line. 
The numerator of F has 1 degree of freedom 


Degrees of 
freedom for Probability 
Subject Period F error (%) 
M.G.B. — 2-50 17 14 
H.L. — 1-35 13 27 
B.C. 1 0-27 13 62 
B.C. 2 4-72 7 6 
B.C, 3 0-00 5 100 
T.D. 1 1-26 17 29 
T.D. 2 1-29 7 31 
T.D. 3 1-56 5 28 
M.D. 1 0-01 15 92 
M.D. 2 0-36 7 57 
M.D. © 3 0-04 5 85 
H.M. 1 0-08 18 77 
H.M. 2 0-09 6 77 
HM. 3 0-70 7 45 
TaBLe 2. Constants of the best-fitting straight lines 
Degrees of 
freedom for 
Subject Period Intercept + 8.. Slope + 8.z. error 
M.G.B. 0-72 + 0-23 18-8 43-7 18 
H.L. 1-:1440-38 8645-4 14 
B.C, 1 1-03 +0-16 3-5 + 2-9 14 
B.C, 2 0-93 +0-12 9-6+ 2-6 8 
B.C, 3 0-99 + 0-06 5541-3 6 
T.D. 1 0-95 + 0-08 8143-3 18 
T.D. 2 0-9440-13 16-645-8 8 
T.D. 3 0-95 + 0-08 9444-5 6 
M.D. 1 1-25 40-09 3-341-5 16 
M.D. 2 1-70+0-13 2942-6 8 
M.D. 3 1144014 8-343-3 6 
H.M. 1 0-97+0-04 3-9+0-5 19 
H.M. 2 1-03 + 0-13 9-2+3-0 7 
H.M. 3 1-04+0-13 7-2+2-8 8 


fractions, a constant fraction, b, and a variable fraction, (a—1) V, propor- 
tional to the sweat rate. If a=1, the water reabsorption is constant; if b=0, 
that is if the urea ratio is constant, the water reabsorption is directly pro- 
portional to the sweat rate. 

Values of the intercept, a, and of the slope, 6, with their standard errors are 
given in Table 2. It can be seen from this table and from Figs. 1 and 2 that 
the slope, 6, is positive in all cases and markedly so in many. This contradicts 
the conclusion of Schwartz et al. (1953), who found in their experiments that 
the urea ratio was constant at a mean value of about 1-92 and did not vary with 
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the sweat rate. On the other hand, the intercept, a, is near unity in all 
subjects except M.D.; this subject seems to behave in a way intermediate 
between the two extremes of a=1 (typical of the other subjects) and b=0 
(found by Schwartz et al.). It seems reasonable to conclude that, as a rule, 
under these experimental conditions, the amount of water reabsorbed from 
the sweat is roughly constant and independent of the sweat rate. 


DISCUSSION 

In order to use urea as a tracer for water reabsorption, it is necessary to 
assume that urea is a passive substance which diffuses freely into the precursor 
fluid but does not diffuse back afterwards. Schwartz et al. (1953) have shown 
that the sweat/blood urea ratio is constant even when the blood urea is raised 
from its normal value of about 12 up to 300 mg %. It is therefore very 
unlikely that the higher concentration of urea in the sweat is due to active 
secretion. It is plausible to assume that urea diffuses freely into the precursor 
fluid; for if this were not the case one would expect that under some circum- 
stances water reabsorption would be small enough for the concentration of 
urea in sweat to be lower than in the blood and this has never been observed. 
It is also unlikely that an appreciable amount of urea diffuses back from the 
sweat into the blood. For in the kidney, about half the urea diffuses back 
from the urine into the blood. The proximal tubules, where most of this back- 
diffusion occurs, are much more permeable to water (and presumably to urea 
also) than the sweat glands (they are in fact so permeable to water that urine 
at the end of the proximal tubules is isosmotic with blood), and furthermore 
the diffusion gradient in the kidney is much larger than in the sweat glands. 
It is therefore unlikely that an appreciable amount of urea diffuses back from 
the sweat, and it is reasonable to treat urea as a tracer for water reabsorption 
from the sweat. 

It is plausible to assume that water reabsorption from the sweat is a passive 
process depending on the osmotic pressure difference, AP, between blood and 
sweat. Now as the sweat rate increases, the salt concentration of the sweat 
rises (Robinson & Robinson, 1954) and so AP falls. Bulmer & Forwell (1956) 
have shown that, provided the sodium concentration of the sweat is above 
about 50 m-equiv/l. (this condition holds approximately in all the experi- 
ments reported here), then the difference between the sodium concentrations 
of the plasma and the sweat is inversely proportional to the sweat rate. Since 
sodium and its accompanying chloride form the main osmotic constituents of 
sweat, this can be written AP x V =constant. (4) 


Since, in the experiments reported here, the water reabsorption was found to 
be constant, it can be concluded that 


Water reabsorption ocAPx V. (5) 
17 PHYSIO, OXXXVII 
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Schwartz et al. found that the urea ratio was independent of the sweat rate, 
from which it follows that in their experiments the water reabsorption was 
proportional to the sweat rate. Schwartz et al. induced sweating by intradermal 
injection of mecKolyl, and it is possible that their different result is due to this 
difference in technique. Their results can, however, be reconciled with the 
hypothesis that water reabsorption is proportional to AP x V by supposing 
that the salt concentration in the sweat of their subjects was very low so that 
AP was nearly constant rather than inversely proportional to V ; in this case, 
equation (5) predicts that water reabsorption should be directly proportional 
to V, as Schwartz et al. found. This conjecture is supported by the fact that 
the urea ratio in their experiments had a mean value of 1-92, which is con- 
siderably higher than the urea ratios observed in the present experiments; this 
indicates that the sweat rate, and in consequence the salt concentration, may 
have been lower than in the present experiments. 


SUMMARY 

1. Urea was measured simultaneously in arm-bag sweat and blood of six 
men. 

2. The sweat/blood urea ratio was always greater than 1 but decreased 
towards 1 as the sweat rate increased. 

3. Reasons are given for supposing that urea can be regarded as a tracer 
for water reabsorption from the sweat and it is concluded that the amount of 
water reabsorbed was indépendent of the sweat rate. 

4. It is suggested that the amount of water reabsorbed is proportional to 
the osmotic pressure difference between blood and sweat x the sweat rate. 


I am indebted to the Director-General of Medical Services, R.A.F., for permission to publish 
this paper. I should also like to thank Mr M. J. O’Donnell for performing the urea estimations. 
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ON THE FACTORS WHICH DETERMINE THE AMPLITUDE 
OF THE ‘MINIATURE END-PLATE POTENTIAL’ 


By B. KATZ anv 8S. THESLEFF 
From the Department of Biophysics, University College London 
(Received 18 March 1957) 


Recent studies of neuromuscular transmission have made it probable that the 
release of acetylcholine (ACh) from the nerve endings occurs in discrete 
‘quanta’, each of which gives rise to a ‘miniature end-plate potential’ (see 
del Castil® & Katz, 1956a). One of the remarkable properties of these 
ACh-quan eir constancy during a variety of experimental changes: the 
size of the ‘unit-parcel’ of ACh remains the same whether the release takes 
place spontaneously at infrequent intervals, or in a momentary synchronous 
burst after arrival of the nerve impulse, or at graded frequencies during 
electrotonic polarization of the nerve endings (del Castillo & Katz, 1956a; 
Liley, 19564, b). Many chemical agents are known which alter the size of the 
end-plate potential (e.p.p.). These substances act either by increasing or 
reducing the number of ACh-quanta released per nerve impulse, e.g. calcium, 
magnesium, botulinum toxin (Brooks, 1956), and glucose (Liley, 19566), or by 
modifying the post-synaptic efficacy of the transmitter substance, e.g. curare, 
neostigmine. No agent has yet been found which has a demonstrable effect on 
the size of the transmitter quantum. 

This apparent constancy has given rise to the suggestion (del Castillo & Katz, 
1955, 19564; Liley, 19566) that ACh may be contained, within the nerve 
endings, in structural parcels (possibly the terminal vesicles of de Robertis & 
Bennett (1955), Palade (1954), Palay (1954) and Robertson (1956)) from each 
of which it is discharged in all-or-none fashion. The size of the quantum would 


_ thus depend on the statistical properties of the intracellular population of 


ACh-carriers and not necessarily be influenced by agents which exert their 
effect, principally or solely, on the cell surface. 

This view would be strengthened if it could be shown that constancy of the 
transmitter quantum is observed not only, during experimental alterations at 
any one end-plate, but also if one uses different end-plates and different 


muscles. 
17-2 
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It was noted by Fatt & Katz (1952) that the mean size of miniature e.p.p.’s fact 
varied considerably in different fibres, and there appeared to be a systematic =‘ ai fic 
discrepancy between the foot muscle (ext. 1. dig. IV) and the sartorius of the ae 
frog, the former having, on the whole, larger miniature e.p.p.’s than the latter. The 
This discrepancy is relevant, and far from invalidating our present surmise, ** 
_ lends it considerable support. For there is a systematic difference in fibre size P 
between the two muscles (average diameters being about 45, in the toe muscle “PES 
and 80, in the sartorius (Mayeda, 1890; Katz, 1948)),anditcanbeshownona | 
simple dimensional argument that a given quantum of transmitter substance ih ai 
will produce a larger depolarization in smaller muscle fibres (see Theoretical ea 
section). This argument is quite general and applies not only to chemical but to pots 
any other form of stimulation, provided a given quantity of the stimulus is ‘ atin 
Outside ) (del ¢ 
? by th 
time 
provi 
R Ry (=1/AG) 
If 
€.p.p. 
5 15 mV 
(90 mV) 
4 (see 
the 
em), 
Fig. 1. Schematic diagram of end-plate membrane. Action of a transmitter quantum is minia 
equivalent to closure of key. For explanation of symbols see text. deter 
allowed to act on each fibre. For the present case we have assumed, in accord- 
ance with the available evidence, that the miniature potential arises from a Mosk 
small, localized increment of conductance, AG (Fig. 1), in the post-synaptic though 
membrane. The value of AG depends only on the number of reacting trans- eg ! 
mitter and receptor molecules, that is on the size of the ACh-quantum and the adie. 
local density of receptor sites. If we are right in supposing that AG is the same esteras 
at all end-plates, then the amplitude of the miniature e.p.p. should be propor- and 80 
tional to the ‘input resistance’ R measured between inside and outside of the , tae 
muscle fibre, and inversely proportional to the 3/2 power of the fibre size (see | aaa 
below). recorde 
The object of the experiments was, therefore, to determine whether the pre- possible 
dicted correlation between the amplitude of the miniature e.p.p.’s at different impale: 
junctions and the diameter or the ‘input resistance’ of the muscle fibre does, in cose 
} 


a 
‘ 
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fact, exist. We did not attempt to measure fibre sizes directly which would be 
difficult and inaccurate on an intact muscle, but measured the electric resis- 
tance between inside and outside with the help of a second internal electrode. 
The value of this resistance is of more immediate relevance to our present 
problem than the fibre diameter as such, of which it provides, however, an 
approximate electrical correlate. 


THEORETICAL 


A simplified circuit equivalent to a motor end-plate is shown in Fig. 1, where 


the resting e.m.f. of the muscle fibre is given as 90 mV and the normal ‘input 
resistance’ between inside and outside as R. The equilibrium potential of the 
‘active’ end-plate is taken to be 15 mV, of the same sign as the resting potential 
(del Castillo & Katz, 1954), 1/AG=R, being the leakage resistance produced 
by the action of a single ‘quantum’ of transmitter substance. Reactance and 
time constant of the fibre have been disregarded. 
The amplitude V, of the miniature e.p.p. is (90-15) mV x R/(R, +R), and 
provided R, >R, which is usually the case, 


V,=75 mV x R/R, =75 mV x RAG. (1) 


If AG is constant at all end-plates, then the amplitude of the miniature 
e.p.p. will be proportional to R. 


| 


(see Fatt & Katz, 1951, 1952), where R,, is the specific membrane resistance of 
the muscle fibre (ohms x cm?), R,; the specific intracellular resistance (ohms x 
em), and d the fibre diameter. Hence, ceteris paribus, the amplitude of the 
miniature e.p.p. is proportional to d-**, and more directly to R, which was 
determined experimentally. 


METHODS 


Most experiments were made, at about 20° C, on sartorius muscles of English Rana temporaria, 
though in several cases the m. ext. 1. dig. IV was also used. All preparations were soaked in 
Ringer’s solution (116 mm-NaCl, 2 mm-KCl, 1-8 mm-CaCl,) to which neostigmine methylsulphate, 
10 w/v, had been added. This served to increase the amplitude and duration of the miniature 
potentials and so to improve the accuracy of meastitement. Indirectly, the use of the anti- 
esterase diminished the spatial attenuation of the miniature e.p.p. (cf. del Castillo & Katz, 19565) 
and so helped to reduce random errors arising from inaccurate localization of the end-plate foci. 

Localization of end-plates. This was done by following fine superficial nerve branches and 
inserting the recording micro-electrode at a few points on a fibre until a spot had been found at 
which the miniature potentials displayed the largest amplitude and shortest rising phase. Focally 
recorded e.p.p. ’s (and their unit components) have such a characteristic shape that it is often 
possible to tell from the time course alone whether the right spot has been hit, without having to 
impale the fibre more than once or twice. When the localization appeared to be in doubt, the fibre 
was either discarded or series of miniature potentials were recorded at two different places, some 


200-300 apart. 
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Measurement of ‘input resistance’ R. When a focus had been located with one micro-electrode, 
another electrode was inserted within less than 100yu. This electrode was connected through a 
100 MQ resistance to the negative terminal of a rectangular current pulse generator. The entry of 
the electrode was signalled by the appearance of anelectrotonic potentials in the recording channel, 
while the current pulse was monitored across a 15 kQ resistance and registered on the second 
beam of the oscilloscope. The voltage/current ratio (i.e. the ‘input resistance’ R of the muscle 
fibre) was measured with pulses of varying intensities, covering a range of anelectrotonic potentials 
between about 5 and 20 mV. The average result of two series, made before and after the recording 
of miniature e.p.p.’s, was used. The pulse duration was approximately 160 msec. In many cases 
the electrotonic potential did not attain a steady plateau during the current pulse, but showed a 
prolonged ‘creep’ (cf. Fig. 2). This made the selection of a time at which the voltage/current ratio 
was measured somewhat arbitrary. The final deflexion (at 160 msec) as well as the ‘50 msec 
deflexion’ was measured in all cases; but when plotted, the relations were much the same with 
either of these values. For the statistical analyses presented below, the final ‘160 msec deflexion’ 
alone was used. 

_ Limitation of the usable range of fibres. In following « relation between amplitude of miniature 
potentials and fibre size, there are two limitations: (a) when the average miniature e.p.p. falls 
below 200uV (presumably in very large fibres), its signal : noise ratio becomes too small for 
reasonably accurate measurement; (5) as the fibre diameter decreases, not only the effect of the 
transmitter quantum, but also that of the membrane leakage produced by the insertion of the two 
micro-electrodes becomes more and more serious and will cause the membrane potential and the 
amplitude of the miniature e.p.p.’s to fall well below their normal values. To some extent, this will 
be reflected in a simultaneous lowering of the measured ‘input resistance’, and by using a voltage- 
correction described below, insertion artifacts can be partly allowed for. But in practice it was 
difficult to work with fibres whose ‘input resistance’ exceeded 1 MQ, and almost impossible to use 
fibres of more than 2 MQ resistance. Even with these restrictions, however, a tenfold range of 
‘input Bes, and miniature e.p.p.’s was covered in the present experiments, and some 
additional in evidence will be described relating to the behaviour of smaller fibres. 

“Sources of error. The two main sources of error in the present investigation were (a) inaccuracies 
in locating end-plate ‘foci’, and (b) the possibility of a faulty insertion of the current-passing elec- 
trode, Errors arising from the first cause were minimized by searching for points with sharply 
rising potentials, by using neostigmine (cf. del Castillo & Katz, 19565) and rejecting fibres in which 
several insertions did not lead to a satisfactory localization. Imperfect insertion of the current 
electrode could allow an appreciable fraction of the registered current to by-pass the fibre and 
result in an underestimate of its ‘input resistance’. To counter this, the amplitude of the electro- 
tonic potential was watched while fine adjustments were made on the micromanipulator carrying 
the intracellular current electrode, and only stable electrotonic potentials were accepted. An 
alternative procedure was tried, viz. to connect the current electrode temporarily to the voltage 
amplifier and check the value of the membrane potential recorded with this electrode. However, 
the switching procedure introduced a number of other difficulties and was discarded. In spite of 
the precautions taken, it is probable that these two sources of inaccuracy were responsible for a 
large part of the observed scatter and for the occurrence of occasional ‘odd points’ which deviated 
markedly from the behaviour of the rest. 

Other inaccuracies of relatively minor importance were inherent in the measurement of the 
resting potential (see del Castillo & Katz, 1955; Adrian, 1956) and of the mean amplitude of the 
miniature e.p.p.’s. The usual procedure was to record a series of 50-100 spontaneous potentials, 
preceded and followed by a series of anelectrotonic potentials at different current strengths from 
which the ‘input resistance’ was determined. Finally the resting potential was checked on with- 
drawing the recording electrode. In measuring miniature e.p.p.’s, account had to be taken of 
coincident ‘inultiple’ discharges (Fatt & Katz, 1952), i.e. of occasional large potentials well outside 
the normal range of amplitude dispersion. These were very infrequent, and it made little difference 
to the result whether such potentials were included in, or rejetted from, the determination of mean 
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amplitudes. It was more important to eliminate small, slow deflexions arising from a distant end- 
plate which were seen in some fibres. Some of these ‘bi-focal’ fibres had to be discarded; others 
could still be used because the two sets of spontaneous potentials were sufficiently discrete in size 
and shape to be readily distinguished in the records. 

Comparison of fibres with different resting potentials. In comparing miniature e.p.p.’s from dif- 
ferent fibres an allowance must be made for differences in the level of the resting potential Z, for 
there is reason to believe that the driving force of the miniature e.p.p. is (Z - 15) mV (see Fig. 1, 
Theoretical section; also Fatt & Katz, 1951; del Castillo & Katz, 1954). We have adopted 90 mV 
as a standard value of Z and multiplied all miniature e.p.p.’s by the factor 75/( -15). The 
majority of fibres had resting potentials between 80 and 100 mV (mean of 12] fibres was 87-5 mV, 
s.k.+ 1 mV), 80 that usually the correction was not large. The allowance enables one, however, to 
include, at least tentatively, some of the fibres whose membrane potential had fallen considerably, 
after the insertion of both electrodes. 


RESULTS 


The first few trials confirmed that a general correlation of the predicted kind 
does exist. Examples from four fibres are illustrated in Fig. 2. The left part of 
the figure shows records from two fibres of high ‘input resistance’, each set 
containing both miniature e.p.p.’s and voltage and current pulses across the 
fibre membrane. On the right, similar records from fibres of about five times 
lower ‘input resistance’ are shown. It is clear that the miniature potentials at 
these end-plates are several times smaller than in the high-resistance fibres, 
and this is further shown in the histograms of Fig. 3. 

It may be asked whether the differences in resistance are due mainly to 
variations in fibre size, or in ‘leakiness’ of the fibre membrane. It is relevant in 
this respect that the time course of the electrotonic potential was approximately 
the same in the four fibres (slightly faster in the high-resistance fibres). This is 
consistent with the view that the differences in resistance are determined by 
the fibre diameter, and not by the membrane conductance. If the latter were 
the controlling factor, the time course of the electrotonic potentials in C and 
D should have been some 25 times faster than in A and B. (The membrane 
time constant is proportional to R,,, the input resistance to R,,}.) 

It may be assumed, therefore, that the records in A and B represent the 
behaviour of small, and those in C and D of large, muscle fibres. From a more 
detailed analysis of the electrotonic potential, Fatt & Katz (1951) concluded 
that an input resistance of 200,000 Q corresponds to a fibre diameter of about 
140 (near the upper end of the range in the frog’s sartorius muscle, cf. 
Mayeda, 1890). Using this information and equation (2) one can estimate the 
fibre diameters in the present experiments, and arrives at values of 100-130» 
for C and D, and 36-40, for A and B. Both are within the range of sizes seen 
in transverse sections on the inner surface of the sartorius muscle. 

Experiments of the kind illustrated in Fig. 2 were made on 121 end-plates 
from twelve different muscles. The results have been plotted in Figs. 4-6, 
which reveal a strong correlation between the two variables examined in these 
experiments. There is a good deal of scatter which may be attributed partly to 
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experimental error (see Methods), and partly to variability of other factors 
besides the resistance and diameter of the muscle fibres (see Discussion). 
Different statistical treatments were applied, two of which are shown in 
Figs. 5 and 6. The logarithmic plot (Fig. 6) gives probably a fairer presentation 
of the results than the linear scatter diagram (Fig. 5), though the correlation 
coefficient was approximately the same (between 0-9 and 0-95 in all cases). 


Fig. 2. Sample records of miniature e.p.p.’s and electrotonie potentials from four different muscle 
fibres (A to D), In each case upper part shows spontaneous miniature potentials (separate 
voltage calibrations; the 0-2 sec time calibration in Aa applies also to the min. potentials in 
B-D). The lower portions show ‘anelectrotonic’ potentials and the applied rectangular 
current pulses. Time, voltage and current calibrations for the lower parts are given in D. 
The ‘input resistance’ (the voltage/current ratio) is shown for each fibre. In A, two series of 
miniature potentials are illustrated; a was recorded before, b after insertion of the second 
micro-electrode which, in this fibre, caused an appreciable lowering of the membrane 
potential. In the other fibres, miniature potentials were recorded after the second insertion. 
Final levels of membrane potential were: A, 67 mV; B, 80 mV; C, 98 mV; D, 95 mV. 
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10 


Fig. 3. Histograms from the experiments illustrated in Fig. 2, showing distribution of amplitudes 
of miniature e.p.p.’s in the four fibres, A and B being of high, C and D of low resistance. (The 
histogram in A was obtained from records taken before the insertion of the second electrode.) 
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Fig. 4. Results obtained from three sartorius muscles, each circle representing a different fibre. 
Abscissae, ‘input resistance’; ordinates, mean amplitude of miniature e.p.p.’s, corrected for 
differences in resting potentials (see p. 271). @, muscle fibres whose final resting potential 
was between 80 and 100 mV; O, other fibres. 
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There is a significant departure from the predicted direct proportionality vari 
between fibre resistance and miniature potential. This is shown by the facts qua 
that the regression line in the linear plot does not pass through the origin, and R 
the slope of the regression line in the logarithmic plot is less than unity. The the 
discrepancy appeared to be larger for the foot muscle than for the sartorius; e.g. ord 
it was quite small in Fig. 5, where the sartorius experiments have been treated min 
separately. A departure from direct proportionality would be expected for thir 

° 
mV 


“Fig. 

05 10 15 MQ f 

Fig. 5. Results from ten sartorius muscles (103 fibres) plotted together. Symbols as in Fig. 4. The 
correlation coefficient is 0-954. A regression line is shown (full line) following the equation 
y=a+bz, where a=0-032 mV and 6=1-2 mV/MMQ. The average slope through the origin the 
(broken line) is 1-33 mV/MQ (s.2. + 0-034). 
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very small fibres, ;when the amplitude jof the |miniature ‘potential exceeds a brin 
few millivolts (and the ratio R/R, becomes an appreciable fraction; see p. 269), A 
but this explanation cannot be applied to the range of the present results. duri 
This discrepancy, however, seems of minor interest compared with the main that 
finding, namely that, among different muscle fibres, a tenfold change in the exte 
amplitude of the miniature e.p.p.’s is associated with an even larger change of arise 
the “input resistance’ of the fibres, and can be explained by the known accu 
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variation in fibre size without any change in the size of the transmitter 
quantum. 

Because of the difficulties mentioned on p. 270, it was not possible to extend 
the range of observations to the smallest muscle fibres (to diameters of the 
order of 10u). Nevertheless, there are indications that the amplitude of the 
miniature e.p.p.’s continues to increase as the fibre size is reduced. Bundles of 
thin fibres can be recognized in the m. ext. |. dig. IV, which sometimes allow 


mV 


OS 10 


Fig. 6. Results from 121 fibres (twelve muscles) plotted on logarithmic scales. Full circles represent 
sartorius fibres, hollow circles fibres from m. ext. |. dig. [V. The regression line (full line) has a 
slope of 0-735. Parallel interrupted lines have been drawn at a distance of + 2S,. 


the insertion of a single microelectrode without excessive damage, Mean 
amplitudes of miniature e.p.p.’s of over 3mV were found in some of these 
fibres, and a correction for their low membrane potentials (see p. 271) would 
bring these values up to 4-5 mV. 

Another interesting observation was made incidentally several years ago 
during experiments (unpublished) on isolated muscle spindles. It was found 
that miniature e.p.p.’s can be recorded from intrafusal muscle bundles, with 
external electrodes, and that even in the absence of prostigmine, spikes 
arise occasionally from the peak of summed spontaneous potentials. No 
accurate information is available on the size of the unit-potentials or the 
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threshold of the fibres, but the observation indicates that the spontaneous 
potentials are much larger in the small intrafusal, than in the ordinary, 
muscle fibres. 


DISCUSSION 

It appears from these results that despite the wide range of miniature e.p.p.’s 
which have been recorded from different end-plates, the amount of transmitter 
substance which produces them is relatively constant. At any rate, a more 
than tenfold variation in the size of the potentials can be attributed to a cor- 
responding variation in the post-synaptic ‘input resistances’ arising from the 
wide dispersion of fibre diameters. In the frog’s sartorius fibre sizes range from 
about 150 to 10u; the corresponding ‘input resistances’ would range from 
about 180,000 Q to 10 MQ (using equation (2) and data from Fatt & Katz, 1951). 
It is clear that only the lower part of this range has been investigated with the 
present technique. 


Fibre diameter (u 140 76 48 16 10 
Input resistance (MQ) 0-2 0-5 1-0 5-0 10-0 
Mean size of min. e.p.p. 0-26 0-62 1-05 3-4 56 


(neostigmine present) (mV) 

If one tries to extrapolate, one may assume direct proportionality between 
R and miniature e.p.p., with an average slope, in neostigmine-treated muscle, 
of about I mV/MQ. On this calculation, the mean amplitude in a 10, fibre 
would be 10 mV, so that unit-discharges could occasionally, and summed dis- 
charges would frequently, lead to twitching. The assumption of direct pro- 
portionality, however, is not justified on theoretical or empirical grounds (see 
del Castillo & Katz, 1954a; Martin, 1956), and it seems more reasonable to use 
the slope of the regression line in Fig. 6 for such extrapolations. This gives the 
values shown in Table 1. Even this calculation leads probably to a slight over- 
estimate for the largest values to which a correction of the kind used by 
Martin (1956) could be applied. It appears, in any case, that in a frog muscle 
fibre of 90 mV resting potential, requiring some 40 mV depolarization for the 
initiation of a spike, fibrillation is not likely to arise from individual miniature 
discharges, even in the presence of neostigmine, though a high-frequency 
burst or a synchronized discharge of multiple units (cf. Liley, 19566) could 
elicit a twitch. In the absence of an anti-esterase, the amplitudes are all 
reduced by a factor of two to three (cf. Fatt & Katz, 1952), and unless the 
membrane potential has been lowered to near-threshold by other means, and 
the rate of the spontaneous discharge is abnormally high, there is clearly a wide 
margin of safety, even in the smallest muscle fibres, between the miniature 
potentials and the firing level. The occasional twitching which was seen in 
isolated intrafusal bundles was probably an abnormal event. 

The residual scatter shown in Figs. 5 and 6 can be attributed to several 


causes. A large part may simply be due to the various causes of experimental 
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error which have been mentioned above. But there are also physiological 
factors which may vary in different fibres and different muscles, and which 
have been deliberately ignored in the present study. Among such possible 
sources are variations in the local density of receptor molecules and, of course, 
any real differences in the mean size of the transmitter quantum. All these 
factors together, however, did not cause a dispersion of more than about 2:1 
(Fig. 6, 2S, =0-177 log. units), a small range compared with the total observed 
variation. | 
SUMMARY 


1, When miniature end-plate potentials are recorded from different frog 
muscle fibres, the mean amplitudes are found to vary over a range of more 
than 10:1. 

2. By determining also the ‘input conductance’ of the muscle fibres (which 
is related to their diameter), a highly significant correlation was found (minia- 
ture e.p.p. and resistance across fibre surface varying in the same direction). 
It appears that the large differences in the mean amplitudes of miniature 
potentials can be attributed to the electrical changes associated with dif- 
ferences in fibre size. 

3. Previous evidence indicated that the mean ‘quantum’ of acetylcholine 
which is released from motor nerve endings remains constant under changing 
experimental conditions. The present results indicate that this constancy is 
obtained even if one compares myoneural junctions from different fibres of 
widely varying diameters. 


We are indebted to Mr J. L. Parkinson for frequent assistance. This work was supported by a 
grant from the Nuffield Foundation. One of the authors (8.T.) was in receipt of a travel grant from 
the Swedish Medical Research Council. 


REFERENCES 


Aprgian, R. H. (1956). The effect of internal and external potassium concentration on the mem- 
brane potential of frog muscle. J. Physiol. 133, 631-658. 

Brooxs, V. B. (1956). An intracellular study of the action of repetitive nerve volleys and of 
botulinum toxin on miniature end-plate potentials. J. Physiol. 134, 264-277. 

DEL CastTinx10, J. & Karz, B. (19544). Quantal components of the end-plate potential. J. Physiol. 
124, 560-573. 

pet Casto, J. & Karz, B. (19546). The membrane change produced by the neuromuscular 
transmitter. J. Physiol. 125, 546-565. 

pEL Castmo, J. & Karz, B. (1955). Local activity at a depolarized nerve-muscle junction. 
J. Physiol. 128, 396-411. 


Casto, J. & Karz, B. (19562). Biophysical aspects of neuro-muscular transmission. 
Progr. Biophys. 6, 121-170. | 

pet Castizo, J. & Katz, B. (19566). Localization of active spots within the neuromuscular 
junction of the frog. J. Physiol. 182, 630-649. ; 

pE Rossrtis, BE. D. P. & Bennett, H. 8. (1955). Some features of the submicroscopic morphology 
of synapses in frog and earthworm. J. biophys. biochem. Cytol. 1, 47-58. 

Farr, P, & Karz, B. (1951). An analysis of the end-plate potential recorded with an intra-cellular 
electrode. J. Physiol. 115, 320-370. 

Farr, P. & Katz, B. (1952). Spont s subthreshold activity at motor nerve endings. J. Physiol. 
117, 109-1 


278 B. KATZ AND 8S. THESLEFF 
Karz, B. (1948). The electrical properties of the muscle fibre membrane. Proc. Roy. Soc. B, 135, 


Liury, A. W. (1956a). The effects of presynaptic polarization on the spontaneous activity at the 
mammalian neuromuscular junction. J. Physiol. 134, 427-443. 

Liuey, A. W. (1956). Transmission at the Mammalian Neuro- Muscular Junction. Ph.D. Thesis: 

Australian National University, Canberra. 

Martin, A. R. (1955). A further study of the statistical composition of the end-plate potential. 
J. Physiol. 130, 114-122. 

Mayapa, R. et Ueber die Kaliberverhiltnisse der quergestreiften Muskelfasern. Z. Biol. 27, 
119-152 

Pauapg, G. E. (1954). Electron microscope observations of interneuronal and neuromuscular 

Anat. Rec. 118, 335-336. 

Patay, 8. L. (1954). Electron microscope study of the cytoplasm of neurons. Anat. Rec. 118, 336. 

Rosgsrrson, J. D. (1956). The ultrastructure of a reptilian myoneural junction. J. biophys. 
biochem. Cytol. 2, 381-394. 


cerebro! 
It wa 
flected 


moreov 
and no! 
flow, a 
influent 
the pre 
the 
bicarbo 
species. 
and th 
primar, 


mecha 


| 

J. Physic 
THE 
rex 
| The car 
and sus 
(Tschirs 
| ascribec 
that the 
65% of 
from th 
Kineti 
4 a steady 
infusion, 


J. Physiol. (1957) 137, 279-293 


THE EFFECT OF ACETAZOLEAMIDE ON THE CHEMICAL 
COMPOSITION OF THE AQUEOUS HUMOUR AND 
CEREBROSPINAL FLUID OF SOME MAMMALIAN 
SPECIES AND ON THE RATE OF TURNOVER 
OF “Na IN THESE FLUIDS 


By H. DAVSON anp C. P. LUCK 
From the Department of Physiology, University College London 
(Received 22 March 1957) 


The carbonic anhydngse inhibitor, acetazoleamide (Diamox), causes striking 
and sustained falls in both intraocular (Becker, 1954) and cerebrospinal fluid 
(Tschirgi, Frost & Taylor, 1954) pressures. The falls in pressure have been 
ascribed to decreased rates of production of fluid and it has been estimated 
that the decrease in rate of formation of the ocular fluid must amount to some 
65% of the normal (Becker, 1955; Becker & Constant, 1955); if the rate of drip 
from the subarachnoid space is any true record of the rate of production of the 
cerebrospinal fluid, the fall in rate is also of this order (Kister, 1956). 

It was considered that such large changes in the rates of flow might be re- 
flected in measurable decreases in the rates of turnover of “Na in the fluids; 
moreover, since these fluids normally have different concentrations of ions 
and non-electrolytes from those in a dialysate of plasma, changes in rate of 
flow, and thus of the average sojourn in their respective cavities, might 
influence the steady-state distributions between fluids and blood plasma. In 
the present work, the influence of Diamox on the rates of turnover of Na in 
the two fluids, and on the steady-state distributions of sugar, chloride and 
bicarbonate between plasma and the fluids, has been examined in several 
species, Changes in some of these steady-state distributions have been found, 
and the problem has been discussed as to whether they are consequences of a 
primary decrease in rate of flow, or primary effects of the drug on the secretory 
mechanisms involved in the elaboration of the fluids. 


METHODS 
Kinetic studies, The technique employed for rabbits was that described earlier (Davson, 1955), 
a steady concentration of “Na in the plasma being maintained by continuous intravenous 
infusion, and the aqueous humour and cerebrospinal fluid being withdrawn at stated times after 
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the beginning of the infusion. Diamox (100 mg/kg body wt.) was given intravenously either one 
hour, or immediately before the infusion began. The animals were without general anaesthesia til! 
the time required for withdrawal of cerebrospinal fluid. With dogs and rate a single intraperitoneal 
injection of *Na was given, and the concentration in the blood was followed at approximately 
10 min intervals until the ocular and cerebrospinal fluids were withdrawn. Diamox was given 
intravenously in dogs, and intraperitoneally in rats, 30 min before the “Na was injected. General 
anaesthesia was postponed till the time of withdrawal of the aqueous humour and cerebrospinal 
fluid. A similar procedure was employed with the monkeys, except that they were maintained 
under pentobarbitone anaesthesia throughout the experiment. In control experiments on the 
different species the procedures were exactly similar, with the omission of Diamox. In rabbits 
control experiments were unnecessary, the results being compared with those obtained on normal 
animals of similar weight and breed described earlier (Davson, 1955). “Na was estimated in a 
liquid counter of the M6 (20th Century Electronics) type, corrections for resolving time, decay 
and background being made when necessary. 

Static studies. In general, the procedure consisted of removing a sample of aqueous humour from 
one eye, injecting Diamox intravenously, and after 2} hr—by which time a new steady-state might 
be expected to be reached approximately—the aqueous humour was withdrawn from the other eye. 
Only local anaesthesia was necessary when this procedure was applied to rabbits; for other animals, 
however, the whole experiment had to be carried out under general anaesthesia. For studies on the 
cerebrospinal fluid, the animals were anaesthetized from the beginning, and cerebrospinal fluid 
was sampled from the cisterna magna before, and 2} hr after the administration of Diamox. In all 
experiments, boosting doses of Diamox of 50 mg/kg body wt. were given about 1} hr after the 
large initial dose. In control experiments the procedure was exactly the same except that Diamox 
was omitted. For the study of the sugar distributions the procedure was different, because of the 
tendency of the concentration of this substance in the plasma to rise as a result of emotional 
stress or general anaesthesia; therefore, instead of obtaining samples of fluids before and after 
administration of Diamox, they were taken only 24 hr after the drug was given intravenously, and 
the values of the distribution-ratios so obtained were compared with values obtained earlier on 
normal animals (Davson & Duke-Elder, 1948; Davson, 1955). 

Analytical methods were as follows: reducing values, Hagedorn & Jensen (1923); chloride, 
Sendroy (1937); bicarbonate (total-CO,), Conway (1950); sodium, Barber & Kolthoff (1928) as 
adapted by Davson (1939). 

RESULTS 
Rate of turnover of *Na 
The course of penetration of Na from blood to aqueous humour and cere- 
brospinal fluid of normal rabbits is shown in Fig. 1, where the values of the 


. Concentration in Fluid 
ratio: have been plotted against time after establish- 


ment of a steady concentration, Cp,, in the plasma; this curve has been taken 
from an earlier study involving 75 rabbits (Davson, 1955). The points on the 
figure represent the values of the ratios obtained during the present study on 
16 rabbits previously treated with Diamox. (No difference was observed in the 
mean values obtained on animals given Diamox immediately, or 1 hr, before 
the injection of “Na.) The size of the points represents twice the standard 
error. It is clear that there is no significant effect of the drug on the rate of 
turnover in the aqueous humour; that in the cerebrospinal fluid is, however, 
obviously reduced. The results on the other animals studied cannot be presented 
so simply, since a single intraperitoneal injection of *Na was administered. 
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with the result that the value of C,, varied with time; instead, a parameter, 
in the equation 

dC 
= kin Cp — koutCriuia 


has been computed by a graphical integration. The values for normal and 
Diamox-treated animals are shown in Table 1; they provide no evidence for a 
decreased rate of turnover in the aqueous humour; in all species, the mean value 
of k,y_ for the cerebrospinal fluid was lower in the Diamox-treated than in 
normal animals. 

1¢ 


0 4 $ 
Time in hours 
Fig. 1. Penetration of *Na into the aqueous humour (upper curve) and cerebrospinal fluid (lower 
curve) of the rabbit. Smooth curves represent average results on seventy-five normal animals ; 
points are average results for sixteen Diamox-treated animals. Ordinates, values of the ratio 
Concentration in fluid/Concentration in plasma; abscissae, time in hr. 


Taste 1. Values of k,,,, indicating the rate of turnover of intraperitoneally injected “Na° 
in the aqueous humour and cerebrospinal fluid 


Kou, (min-*) 
No. of _ A 
Species animals Aq. humour o.8.f. 
Rat Normal Ss 0-0245 + 0-003 0-0191 + 0-0025 
Diamox 8 0-0321 +. 0-002 0-0157 + 0-002 
Dog Normal 6” 0-0149+4.0-0015 0-0052 + 0-0006 
Didmox 6 0-0151 + 0-0020 0-0038 + 0-0003 
Monkey (1) Normal _ 0-00745 raw 
Diamox — 0-00755 
(2) Normal 0-0108 — 
Diamox 0-0112 


Figures for the monkeys refer to experiments carried out on opposite eyes of the same animal 
at an interval of 2 or 3 weeks. 
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In considering the turnover of “Na in the cerebrospinal fluid, two factors 
must be borne in mind as follows: (a) the renewal of fluid, as a result of which 
*Na from the blood will appear in the ventricles and be carried into the sub- 
arachnoid space; (6) a diffusion or flow of “Na from the capillaries of the 
nervous tissue into the extracellular space and thence, secondarily, into the 
ventricular and subarachnoid fluids. It is of interest, therefore, to see whether 
Diamox interferes with the passage of “Na into the nervous tissue. In Table 2 
the results of simultaneous studies of penetration into cerebrospinal fluid and 
brain-tissue of normal and Diamox-treated rabbits are shown. The results show 
that the turnover of Na in the nervous tissue is not significantly affected by 
Diamox. 

Taiz 2. Penetration of “Na into the cerebrospinal fluid and the extracellular fluid of the 
rabbit’s brain. C,., and C,,,;, are the concentrations in cerebrospinal fluid and extracellular 
fluid 60 min after a constant concentration, Cp,, had been established in plasma 


Cp, Carain/Cr; 
Normal 0-24 +0-008 0-28+0-01 
Diamox 0-145+ 0-007 0-264 0-01 


The samples of cerebrospinal fluid withdrawn during the studies on the 
rabbit, being about 1 ml. in volume, were obviously mixtures of ventricular 
and subarachnoid fluids; there is no doubt, so far as “Na is concerned, that the 
ventricular fluid comes into more rapid equilibrium with the plasma than the 
subarachnoid fluid (Sweet, Selverstone, Solomon & Bakay, 1949; Tubiana, 
Benda & Constans, 1951; Davson, 1955), so that it is of interest to see whether 
Diamox influences the turnover of “Na to a greater extent in the ventricles 
than in the subarachnoid space. In the following experiments the cerebrospinal 
fluid was withdrawn as two successive samples from the cisterna magna; the 
first, of only 0-25 ml., probably came mainly from the ventricles whilst the 
second, of approximately 0-75 ml., was mainly subarachnoid fluid. The rates of 
turnover of “Na in these fluids, as indicated by the values of C,,,/Cp, after 
30 min, are shown in Table 3. It will be seen that Diamox depresses the rates 
of turnover in both samples of fluid, but that the effect is more marked in the 
first sample, a result suggesting that diffusion from the nervous tissue, where 
the penetration of “Na is unaffected by Diamox, tends to reduce the difference 
of concentration between ventricular and subarachnoid fluids. This is made 
clear by experiments in which, 30 min after the beginning of intravenous 
infusion of “Na, several samples of 0-25 ml.ywere taken in rapid succession. 
The results are shown in Table 4; it will be seen that in normal animals the 
ratio C,.,/Cp, falls progressively, but in the Diamox-treated animals the later 
samples may actually show a higher ratio than that cf the first sample. 

It has been argued (Langham & Lee, 1955) that the effects of Diamox on the 
eye may be simulated by feeding NH,CI; that this is untrue so far as the turn- 
over of Na in the cerebrospinal fluid is concerned was shown by measuring 
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the penetration in rabbits 1 hr after giving 0-5 g/kg body wt. orally. The value 
of Co/Cp,, obtained 60 min after establishing the steady concentration in the 
plasma, was 0-23 + 0-02 which compares with a value of 0-225 read from the 
graph of Fig. 1. (For the aqueous humour the values of C,,/Op, at 30 and 
60 min were 0-242 + 0-02 and 0-425 + 0-035 respectively, comparing with values 
of 0-21 and 0-375 read from the graph, so that acidosis seems to accelerate 
penetration of Na, if it has any action at all.) 


) Taste 3. Penetration of “Na into first (0-25 ml.) and second (1-0 ml.) samples of cerebrospinal 
fluid drawn in rapid succession from the cisterna magna of rabbits. C.., is the concentration 
in the sample 30 min after a constant concentration, (,, had been established in the plasma 


Sample 1 Sample 
Normal 0-1640-01 0-105 0-008 
Diamox 0-0815+ 0-004 0-076 + 0-006 


TaBie 4. Penetration of *Na into successive 0-25 ml. samples of cerebrospinal fluid withdrawn in 
rapid succession from the cisterna magna of rabbits. Figures are the values of the ratio: 
CalCp,, where O,. is the concentration in the sample 30 min after a constant concentration, 
Cy, has been established in the plasma 


Sample no.... (1) (2) (3) (4) (5) 
| Control 0-23 0-20 0-175 0-14 — 
Control 0-19 0-165 0-115 9-087 0-085 
Diamox 0-097 0-081 0-072 0-090 0-097 
Diamox 0-083 0-093 0-085 0-099 _ 
Steady-state distributions 


Sugar. The normal steady-state distribution ratios (concentration in fluid/ 
| concentration in plasma) for rabbits are 0-86+0-025 and 0-64+0-02 for 
aqueous humour and cerebrospinal. fluid respectively (Davson, 1955). Two 
and a half hours after Diamox, the values obtained were 0-885+0-02 and 
0-61+0-02 respectively. Thus, there was certainly no decrease in concen- 
tration of reducing material in the aqueous humour, and the fall in the 
cerebrospinal fluid was barely significant. 

Chloride and bicarbonate. In certain species, notably the rabbit, cat and dog, 
| the aqueous humour contains a considerably higher concentration of bicarbo- 
nate than a dialysate of plasma (Davson & Luck, 1956). In the rabbit the 
excess of bicarbonate is associated with a deficiency of chloride, whereas in the 
cat and dog actual excesses of both anions are present in the aqueous humour. 
In all the species examined, the cerebrospinal fluid has a large excess of chloride 
and usually a deficiency of bicarbonate. The effects of Diamox on the distribu- 
tions in the rabbit are shown in Tables 5 and 6. Table 5 shows that the drug 
caused falls in concentration of bicarbonate in both aqueous humour and 
plasma; these were accompanied by rises in the chloride concentrations. That 
the fall in concentration of bicarbonate in the aqueous humour se a 
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passive consequence of the fall in the plasma level is shown by the fact that in 
some instances the concentration of bicarbonate in the plasma actually rose as 
a result of Diamox; in spite of this, the concentration in the aqueous humour 
fell. (The effect of Diamox on the plasma concentration depends on the value of 
this before administration; if it is unusually low, e.g. 15 mM, the concentration 


Tasxe 5, Concentrations of bicarbonate and chloride (mm) in aqueous humour and plasma 
of the rabbit before and 2} hr after administration of Diamox 


Expt. Ion (Aqueous),(Aqueous), AAqueous (Plasma), (Plasma), A Plasma 


Diamox HCO, 32-1 26-4 -5-5+0-6 26-8 22-0 4841-9 
Control HCO, 32-4 33-8 +18406 28-1 29-9 +2041-1 
Diamox 108 111 432409 1055 112 +6041-1 
Control Cl 105 107 422410 105 108-5 +3-5406 


Suffixes (1) and (2) refer to samples drawn before and after Diamox respectively. The changes in 
concentration, AAqueous and A Plasma, are the means of the individual changes; limits are 
standard errors. Average number of animals per group was 8. 


TaBie 6. Concentrations of bicarbonate and chloride (mm) in cerebrospinal fluid and plasma 
of the rabbit, before and 2} hr after administration of Diamox 
Expt. Ion (c.s.f.), Ac.s.f. (Plasma), (Plasma), A Plasma 


Diamox HCO, 26-9 29-1 +2-241-0 22-7 26-0 +3:24 2-0 
Control HCO, 27-4 28-3 +1040-7 26-0 29-6 +3-8+44-0 
Diamox Cl 126 124 - 1840-9 102 106 +4041-:8 
Control Cl 130 131 +13405 106 106 0-041-5 


Suffixes (1) and (2) refer to samples drawn before and after Diamox respectively. The changes in 
concentration, Ac.s.f. and A Plasma, are the means of the individual changes; limits are standard 
errors. Average number of animals per group was 7. 


rises; the most common effect observed in this work has been a fall; Becker 
(1955) found little or no change, whilst Lee (1955) found a fall.) Again, the loss 
of bicarbonate from the aqueous humour showed no correlation with the 
average gradient of concentration between it and the plasma, as the following 
figures show: 
Loss of HCO, (mm) 5-4, 80, 43, 86, 5-1, 28, 55, 7-4, 34. 
Average concn. gradient 10-1, 81, 6-7, 48, 46, 41, 28, 23, 0-1. 

The concentration of chloride in the aqueous humour rose; on the average, 
as Table 5 shows, the gain in chloride did not fully compensate the fall in 
bicarbonate. 

The cerebrospinal fluids of all species examined show a large excess of 
chloride over that in a dialysate of plasma, and a deficiency of bicarbonate. 
As Table 6 shows, there was, on the average, a rise in concentration of bi- 
carbonate, but since this was associated with a rise in the plasma level its 
significance is doubtful. (We may note that in these experiments the ‘normal’ 
distribution ratio for bicarbonate was usually greater than unity, in contrast 
with earlier findings; the actual ratios varied between limits of 0-73 and 2-08 
and were clearly dependent on the plasma concentration at the time of removal 
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of the fluids.) The concentration of chloride in the cerebrospinal fluid almost 
invariably fell in spite of a rise in the plasma. 

In general, Tables 5 and 6 indicate, as the most prominent and consistent 
features of the changes induced by Diamox, a fall in bicarbonate and rise in the 
chloride of the aqueous humour, 4nd a fall in the chloride of the cerebrospinal 
fluid. In other words, there is a tendency for the fluids to approach the com- 
position of a dialysate of plasma so far as these ions are concerned. 

The results of comparable experiments on the cat are shown in Tables 7 and 
8; because of the greater stability of the plasma levels of bicarbonate and 
chloride in this species, the results are less equivocal. They show a fall in the 


TaBLe 7. Concentrations of bicarbonate and chloride (mm) in aqueous humour and plasma 
of the cat before and 24 hr after administration of Diamox 


Expt. Ion (Aqueous),(Aqueous), AAqueous (Plasma), (Plasma), APlasma 


Diamox HCO, 28-8 29-3 +0-6+40-7 23-2 22-2 -11409 
Control HOO, 30-4 30-2 -0-241-1 25-3 23-9 -1341-2 
Diamox Cl 126-5 122 -40406 118 118 —0-240-4 
Control Cl 131 131 0340-3 124 123 


Suffixes (1) and (2) refer to samples drawn before and after Diamox respectively. The changes in 
concentration, A Aqueous and A Plasma, are means of the individual changes; limits are standard 
errors. Average number of animals per group was 8. 


)  Tasie 8. Concentrations of bicarbonate and chloride (mm) in cerebrospinal fluid and plasma 
of the cat, before and 2} hr after administration of Diamox 


Expt. Ion (c.s.f.), (¢.8.f.), Ac.s.f. (Plasma), (Plasma), APlasma 
Diamox HOO, 246 29-0 +4441-1 27:3 26-1 -0-7419 
Control HCO, 243 24-0 - 0240-8 25-6 25-7 +0-341-4 
Diamox Cl 139 134 -61406 119 119 -0-341-1 
Control (Cl 142 143 +10409 124 124 -0-440-3 


Suffixes (1) and (2) refer to samples drawn before and after Diamox respectively. The changes in 
| concentration, Ac.s.f, and A Plasma, are the means of the individual changes; limits are standard 
} errors. Average number of animals per group was 10. 


concentration of chloride in the aqueous humour; in marked contrast to the 
rabbit, the concentration of bicarbonate was, on the average, slightly raised. 
In the cerebrospinal fluid the concentration of bicarbonate rose and that of 
chloride fell. Once again, the essential feature of the action of Diamox was a 
| tendency of the fluid to approach a Donnan equilibrium, with the exception, 
however, of the bicarbonate ion which, in spite of being in excess in the 
aqueous humour, either remained constant or rose in concentration still 
further; in the cerebrospinal fluid the concentration rose beyond the require- 
ments of a dialysate equilibrium. 
A few experiments were carried out on the monkey: this species differs from 
; the cat and rabbit in having, in the aqueous humour, an excess of chloride and 
a deficiency of bicarbonate, by comparison with a plasma dialysate. The 
results of individual experiments are shown in Table 9; the concentration of 
chloride in the aqueous humour fell, as in the cat, and this was in spite of a 
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tendency for the plasma level to rise. The single experiment on bicarbonate 
showed only a small rise in both aqueous humour and plasma. 

Experiments were carried out on four dogs; the results on the aqueous 
humour were not sufficiently consistent to justify presentation in detail. The 
changes in bicarbonate concentration in the cerebrospinal fluid and aqueous 
humour were small (a fall of 1-3) in spite of large falls in plasma concentra- 
tion (15-45%); the chloride in the cerebrospinal fluid fell by 1-2%, that of the 
aqueous humour on two occasions rose by 2-3% and on one fell by 3%. 


Tasiz 9. Effect of Diamox on the concentrations of chloride and bicarbonate (mm) in aqueous 
humour and plasma of individual monkeys. Suffixes 1 and 2 refer to samples drawn before 
and after Diamox respectively 


Monkey on (Aqueous), (Aqueous), AAqueous (Plasma), (Plasma), A Plasma 


I cl 125 122-5 ~ 25 110 111-5 +15 
nu a 119 116 ~3-0 106 108 +20 
im cd 124 1185 -55 ill 114 +30 
IV a 123 122 -10 113 116-5 +35 
lll HOO, 24-4 25 +06 29-2 31-2 +19 


Tasxz 10. Effect of Diamox on the concentration of sodium in aqueous humour and plasma of the 
cat. Initial values for aqueous humour and plasma have been put equal to 1000. Each experi- 
ment on pooled fluids from three cats. Limits are standard errors 


Expt. (Aqueous), (Aqueous), A Aqueous (Plasma), (Plasma), A Plasma 
I 1000+1 987+5 -13 1000 + 0-5 1000+. 4 0 
Ii 100044 992+1 -8 100048 1005 + 2 +5 
Il 1000 +2 998+4 -2 1000 +7 99541 -5 


(For convenience the total CO, estimated during this work has been described 
as ‘ bicarbonate’; in an earlier paper (Davson & Luck, 1956) it was shown that 
no serious error was introduced by ignoring the free CO, component so far as 
normal distributions were concerned. If any changes in the relative pH of the 
fluids occur as a result of acetazoleamide they are very small, none of the 
animals showing signs of an uncompensated acidosis even when there were 
marked falls in plasma total CO,. It was not practicable during these experi- 
ments to measure the pH of the fluids, as the amounts available after analysis 
were too small; it seems very doubtful, however, whether small changes in pH, 
if they occurred, would alter the interpretation of the results as expressed in 
terms of bicarbonate.) 

Sodvum. On balance, the aqueous humour of the cat loses anions as a result 
of the action of Diamox; it seemed likely that a fall in concentration of sodium 
would be detectable. In a number of experiments, each involving the pooled 
fluids from three cats, the sodium concentrations in aqueous humour and 
plasma, before and after administration of Diamox, were determined. Tripli- 
cate or quadruplicate determinations of each fluid were carried out, and 
experiments in which the individual values differed by more than 1% from the 
mean were discarded. The results of three experiments fulfilling this require- 
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ment are shown in Table 10. In two out of the three experiments the concentra- 
tion in the aqueous humour fell by 0-8 and 1-3%, respectively, the concentra- 
tién in the plasma either staying constant or rising slightly; in the third 
experiment both aqueous humour and plasma concentrations fell slightly. 


DISCUSSION 


The finding that the rate of turnover of “Na is apparently unaffected by 
Diamox is in agreement with the results of a less quantitative study of 
Heinzen (1955); the present work, however, permits of a fairly accurate 
assessment of the probability that the observed results are consistent with a 
fall of, say, 10% in the rate of turnover of %Na. Thus the smooth curve of 
Fig. 1 represents the results of experiments on 75 normal rabbits of the same 
breed and approximately the same size as those used in the present study on 
Diamox-treated animals; we may therefore accept the values of C,,/Cp, at 
30 and 60 min, namely 0-21 and 0-375 as true averages for the normal rabbits. 
The observed values for rabbits treated with Diamox were 0-217 and 0-375, 
with standard deviations of 0-036 and 0-047. The probabilities that values 10 °% 
lower than the normal would occur by chance in samples of rabbits exhibiting 
these standard deviations are 2/100 and 3/1000 respectively ; the chances for a 
5% change are 15/100 and 7/100 respectively. We should not be far wrong, 
therefore, if we concluded that a real decrease of 7-5% or greater would be 
detectable by the methods employed, i.e. that Diamox is unlikely to have 
caused decreases in the values of C,,/Cp, of more than 7-5%, or a decrease in 
rate of turnover of more than about 6-5%. In considering the penetration of a 
solute from plasma into aqueous humour we may conceive of two main 
processes; a continuous penetration by way of the secreted fluid, and a direct 
diffusion from the iris into the anterior chamber. It was originally considered 
that with *Na the rate of penetration, or turnover, was entirely determined by 
the rate of flow of fluid, i.e. that simple diffusion from the iris was negligible 
(Kinsey & Bérdny, 1949). If this were true, the present findings with Diamox 
would be at complete variance with the estimate of a 65% fall in the rate of 
production of fluid. However, more recent analyses of the problem (Kinsey & 
Palm, 1955; Friedenwald & Becker, 1955) have shown that the agreement 
between estimates of rates of flow and turnover of “Na was accidental, and 
resulted from ignoring the considerable losses of “Na from the primarily 
secreted fluid, in the posterior chamber, to the vitreous body. If these losses 
were taken into account, the amount of “Na entering the eye was considerably 
greater than could be accounted for by the secretory process, and it appeared 
that the amounts entering by diffusion were comparable with those entering in 
the secreted fluid. On a simple view, then, a 6% fall in the rate of turnover of 
*4Na in the aqueous humour might correspond to about a 12% fall in the rate 
of secretion, assuming that diffusion was unaffected by Diamox. However, 
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even this conclusion is doubtful, since the effects of a decrease in rate of secre- 
tion will be complex. The time during which the aqueous humour is in the 
anterior chamber will increase, and so the amount entering by diffusion will 
tend to compensate for the decreased influx resulting from the decreased rate 
of secretion; it is therefore not easy to predict the quantitative effects of a 
decreased rate of secretion on the observed rate of turnover of “Na in the 
fluid as a whole. Practically, Kinsey & Palm’s study of the concentration of 
*Na in posterior and anterior chambers, during the approach to equilibrium 
with the plasma, would suggest that the effects of changes in rate of flow would 
be small, since it was found that the concentrations in the two compartments 
remained remarkably close to each other during most of the process. It would 
be unsafe to conclude, therefore, from these studies on the rate of turnover of 
*Na in Diamox-treated animals, that the drug is without influence on the rate 
of secretion of fluid. 

In the cerebrospinal system, on the other hand, the position may not be so 
complex. We may suppose that, as with the eye, there are two main possibilities 
for penetration of a solute from plasma to cerebrospinal fluid, namely in the 
primary secretions of the choroid plexuses, and by a direct diffusion from the 
nervous tissue. Now it has been found that in the normal animal the equilibra- 
tion of ions such as “Na, Br, I, and CNS between plasma, on the one hand, and 
the cerebrospinal fluid and extracellular fluid on the other, takes place at 
about the same rate (Wallace & Brodie, 1939; Davson, 1955) so that there are 
unlikely to be appreciable gradients of concentration of “Na between cere- 
brospinal fluid and extracellular fluid during the approach to equilibrium. 
Consequently, direct exchanges resulting in a net gain or loss of “Na, to or 
from the cerebrospinal fluid, are unlikely to occur to any great extent, so that 
the rate of turnover of this isotope in the fluid is likely to be a fairly accurate 
measure of the rate of turnover of the fluid as a whole. In the Diamox-treated 
animal, the rate of turnover of Na in the cerebrospinal fluid falls about 40°, ; 
on this ground alone, it might be deduced that the turnover of fluid as a whole 
had been reduced by this amount. However, the decrease may well be greater 
because, in the Diamox-treated animals, the turnover of Na in the extra- 
cellular fluid of the nervous tissue is normal; gradients are consequently set 
up, permitting diffusion from extracellular fluid to-cerebrospinal fluid, so that 
a greater proportion of the “Na entering the cerebrospinal fluid now comes by 
simple diffusion. That this is true is suggested by the comparison between the 
‘ventricular’ and ‘subarachnoid’ samples; in the normal animal the rates of 
turnover in these differed by a factor of nearly two, whilst in the Diamox- 
treated animals the factor was smaller, namely 1-35 (Table 3). In fact, Table 4 
showed that when four or five successive samples were withdrawn, some of the 
later, ‘subarachnoid’, samples could equilibrate more rapidly with the plasma 
than the first, ‘ventricular’, sample. 
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It could be, and has been, argued that the parallel rates of equilibration of 
the nervous tissue and cerebrospinal fluid are not so much due to the fact that 
both compartments receive Na from the blood at comparable rates, but that 
one compartment, i.e. the nervous tissue (Wallace & Brodie, 1940; Bering, 
1955), supplies the other. The results with Diamox described here are decisive 
however; it will be recalled that Diamox had no influence on the rate of 
turnover in the nervous tissue, showing that penetration from blood to cerebro- 
spinal fluid on the one hand, and from blood to nervous tissue on the other, are 
independent events. 

The observations that in the Diamox-treated animals the reduced rate of 
turnover of “Na is not confined to the ventricular fluid, but occurs in the sub- 
arachnoid fluid too, means that during the approach to equilibrium consider- 
able gradients of concentration between the extracellular fluid of the nervous 
tissue and cerebrospinal fluid are maintained; when it is appreciated that the 
movement of the fluid in these animals is exceptionally sluggish, and that the 
fluid is spread mainly as a thin layer over the surface of the brain and spinal 
cord, this means that there is probably some restraint to free diffusion between 
nervous tissue and cerebrospinal fluid, i.e. that the term ‘cerebrospinal fluid- 
brain barrier’ has some significance. | 

These studies with “Na make it very likely indeed that the drug Diamox 
reduces the rate of secretion of cerebrospinal fluid by at least 40%. The results 
on the eye are negative, as we have seen, but are not necessarily inconsistent 
with an analogous action of the drug, the difference in response being due, 
essentially, to a difference in the diffusional relationships of the two fluids with 
their environments; in the eye, the aqueous humour may exchange “Na by 
direct diffusion with both vitreous body and plasma; in the brain, direct dif- 
fusion between the cerebrospinal fluid and the nervous tissue—and thus the 
main capillary bed—seems to be negligible in the normal animal, so that the 
predominant mode of penetration of Na from blood to cerebrospinal fluid is 
by way of the secreted fluid. 


The evidence adduced in favour of the claim that Diamox reduces the rate of secretion of aqueous 
_ humour may be briefly summarized. First, there is the observation that the time required for the 
appearance of intravenously injected fluorescein in the aqueous humour is increased (Linnér & 
Friedenwald, quoted by Becker & Constant, 1955); secondly, it is argued that, because the intra- 
ocular pressure falls without a concurrent decrease in resistance to drainage, the rate of flow must 
fall; from the observed fall in intraocular pressure it is computed that the rate of flow must 
decrease by some 65% in rabbits (Becker & Constant, 1955) and 47% in man (Weekers, Delmar- 
celle, Prijot & Lavergne, 1957). These estimates rely too much on the assumption that the venous 
pressure in the intrascleral plexus is unaltered, to be accepted readily. The third line of evid 

based on chemical analysis of the concentrations of bicarbonate and ascorbic acid in the posterior 
and anterior chambers (Becker, 1955). For example, the concentration of bicarbonate in the 
posterior chamber is normally some 12% higher than in the anterior chamber. By assuming that 
the cause of the difference in concentration was due entirely to diffusion of bicarbonate from 
aqueous humour (in the anterior chamber) to blood in the iris, a simple equation relating the rate 
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of flow to the posterior and anterior concentrations, and that in the plasma, was employed. 
Substitution of the values found in normalland Diamox-treated rabbits gave an apparent decrease 
of flow of 64%. Unfortunately for this argument the relative concentrations of bicarbonate in the 
posterior and anterior chambers are most unlikely to be completely determined by simple diffusion 
from the anterior chamber, since the most probable explanation for the lower concentration in the 
anterior chamber is the formation of lactic acid by the lens and cornea. However, an examination 
of Becker’s results shows that the critical factor in determining this value of 64% was not so 
much a change in the relative concentrations in the posterior and anterior chambers, but a fall in 
the concentration of the plasma; in view of the capricious variations in this that ocour in both 
normal and Diamox-treated rabbits, it is unsafe to rely on an equation in which this variable 
exercises a dominant influence. In summary, the evidence favours a decrease in the rate of secre- 
tion, but little weight should be placed on the estimates of its magnitude so far published. 


Steady-state distributions 


Sugar. In neither fluid is there a significant change in sugar concentration 
as the result of Diamox, such average changes as occurred being a small rise in 
the aqueous humour and a small fall in the cerebrospinal fluid. So far as the 
eye is concerned, this result would suggest that, as with “Na, diffusion of 
material from iris to anterior chamber tends to compensate for any reduction 
of influx occasioned by a reduced rate of flow of fluid. The results with the 
cerebrospinal fluid are of particular interest in the interpretation of the 
normal steady-state distribution. Thus, it could be argued that the normally 
low concentration in the cerebrospinal fluid (65°% of that in the plasma) was 
due to consumption by the surrounding tissues; if this were true, we should 
expect that a decreased rate of flow of fluid would reduce the concentration 
still further; the fact that Diamox causes little or no fall in concentration of 
sugar means that this view is wrong, and that the concentration is low because 
the fluid.is secreted with this low concentration in the first me, losses by 
consumption being negligible. 

Ions. The studies on the cat may be considered first, since the blood con- 
centrations were more stable than in the rabbit. In the aqueous humour the 
concentration of chloride falls, whilst that of bicarbonate remains constant or 
rises slightly. The fall in concentration of chloride could be described as a 
consequence of a reduced rate of flow, permitting, as it would, more prolonged 
exchanges between plasma and aqueous humour in the anterior chamber. The 
constancy of the bicarbonate level could not be explained on this basis since 
the gradient of electrochemical potential is just as great as that for chloride, 
and in the same direction. In the cerebrospinal fluid the gradients of electro- 
chemical potential for chloride and bicarbonate are in opposite directions, so 
that a fall in chloride and rise in bicarbonate would accord with a decrease in 
rate of flow; however, the rise in bicarbonate is so great that in this case the 
gradient is reversed. Thus, unless diffusion potentials capable of causing 
accumulation of bicarbonate are set up, it seems safe to assume that the 
changes in chemical composition of the cat’s fluids result from a primary 


action 
chlori¢ 
The 
excess 
there 
centra 
is not 
| that it 
flow. 
| plasm 
| cereb 
q 
specie 
fall in 
aqueo 
| could 
direc 
chlori 
humo 
The 
the se 
cereb1 
deter1 
resisté 
osme 
the fi 
anior 
hume 
app 
has 
| 
this p 
as it ¢ 
some 
studi 
larity 
| chlo 
in cle 
six ti 
fluid 
equal 


ACETAZOLEAMIDE ON CHEMICAL COMPOSITION 291 

action of Diamox on the process of secretion, possibly by interfering with a 
chloride-accumulating mechanism. 
The normal rabbit’s aqueous humour is similar to the cat’s in having an 
excess of bicarbonate over that in a dialysate of plasma; in this case, however, 
there is a deficiency of chloride. The effects of Diamox are different, the con- 
centration of bicarbonate falling, that of chloride rising. The loss of bicarbonate 
is not obviously correlated with the gradient of bicarbonate concentration, so 
that it seems unlikely that it could be ascribed simply to a decreased rate of 
flow. The rise in chloride might be ascribed, at any rate partly, to the rise in 
plasma concentration that always occurs in this species. The changes in 
cerebrospinal fluid concentration follow the pattern described for the cat. The 
aqueous humour of the rabbit is therefore distinguished from that of the other 
species examined, and from the cerebrospinal fluid of all species, in showing a 
fall in bicarbonate and rise in chloride. If the primary process in secretion of 
aqueous humour is the accumulation of an anion, then the action of Diamox 
could be described as an interference with this active transport mechanism, 
directed at bicarbonate in the case of the rabbit’s aqueous humour, and at 
chloride in the case of the cerebrospinal fluid of all species and the aqueous 
humour of the cat, the monkey and possibly the dog. 
| The question naturally arises as to whether a change in the composition of 
the secreted fluid would determine a slower rate of formation. The normal 
cerebrospinal fluid is certainly, and the aqueous humour probably, hypertonic 
to the blood plasma, and this hypertonicity may be an important element in 
determining the pressure that the secretion may develop in overcoming the 
resistance to outflow, a loss in this ‘driving pressure’, resulting from a decreased 
osmolarity of the secreted fluid, might impede the elaboration and secretion of 
the fluid and thus reduce the rate of flow. The studies on the distributions of 
anions, and of sodium, certainly suggest that the osmolarity of the aqueous 
humour is reduced in relation to that of the blood, by Diamox. But when it is 
appreciated that the aqueous humour, withdrawn from the anterior chamber, 
has remained in the eye with a ‘half-life’ of about 45 min, during which 
| osmosis of water was possible, it will be a matter of some difficulty to prove 
this point conclusively; the very large anterior chamber of the cat, prejudicing 

as it does the equalization of differences of osmolarity, may be the reason why 
some evidence for a fall in sodium concentration could be measured. The 
studies on the cerebrospinal fluid do not suggest that, after Diamox, the osmo- 
larity of the fluid alters in relation to that of the plasma, since the fall in 
chloride tends to be balanced by a rise in bicarbonate. The cerebrospinal fluid is 
in close diffusional relationship with the nervous tissue which, in bulk, is some 
six times greater; any difference of osmotic pressure between cerebrospinal 
fluid and nervous tissue, established as a result of Diamox, would be rapidly 
equalized by osmosis of water (Bering, 1952), so that it is unlikely that any 
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difference of osmolarity would be measured, even though it had occurred. 
Essentially, therefore, the changes in ionic composition actually measured are 
to be viewed as signs of quantitatively, and possibly qualitatively, different 
changes in the composition of the freshly secreted fluid ; it is possible that these 
changes included a decrease in the osmolarity of the fluid, but this is by no 
means certain. 

SUMMARY 

1. Changes in ionic composition of the aqueous humour, cerebrospinal fluid 
and blood plasma, following treatment with the carbonic anhydrase inhibitor 
acetazoleamide, have been studied in the-fibbit, cat, dog and monkey. 

2. In general, the ocular and cerebrospinal fluids approach more closely in 
composition to a dialysate of plasma as a result of the drug; it is considered 
unlikely that this is due to a mere slowing of the rate of production of the 
fluids, so that a specific interference with anion accumulating mechanisms is 
postulated. 

3. No evidence for a reduced rate of turnover of intravenously injected 
*Na in the aqueous humour was obtained, and a statistical analysis of the 
results indicates that a reduction of some 6°, in this rate should have been 
manifest if it had occurred. In the cerebrospinal system the rate of turnover 
was reduced by nearly 40%, although the turnover of the isotope in the nervous 
tissue was unaffected. 

4. Reasons are given for considering that this fall in rate of turnover 
corresponds to an even larger fall in rate of production of fluid. It is suggested 
that the difference in response of aqueous humour and cerebrospinal fluid in 
this respect is due to a difference in the diffusional relationships of the two 
fluids with the blood plasma, so that it is possible that acetazoleamide causes a 
reduction in the rate of production of both fluids. 

5. The steady-state distributions of sugar between plasma and the fluids 
were barely affected by acetazoleamide. 


It is a pleasure to acknowledge the co-operation of Mr Wilson, F.R.C.S., and Dr Mennie of 
Lederle Laboratories in generously making available the large quantities of acetazoleamide used 
in this investigation. 
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It is commonly taught that the redistribution of blood flow which occurs 
during leg exercise involves a reduction of blood flow to resting regions of the 
body. The circulation to the resting arm is considered to share in this redistri- 
bution, but the evidence for this is fragmentary. Few previous studies have 
been specifically concerned with this problem, and much of the available 
information is in the form of incidental findings. 

A number of workers have studied the oxygen content of venous blood from 
the arm, usually sampling from the basilic vein and always after the com- 
pletion of exercise. Lundsgaard & Moller (19234, b) showed a reduction of the 
oxygen content of basilic venous blood sampled within 1 min after 14 min of 
exercise. They found that this reduction did not persist more than 1 min after 
exercise had stopped, and that subsequently the oxygen content approached 
arterial levels. Similar results after short periods of exercise were obtained by 
Barr, Himwich & Green (1923) and by Weiss & Ellis (1935). Weiss & Ellis 
concluded that this finding indicated a reduction of blood flow to the arm. 
Harris & Lipkin (1931), however, found no change in oxygen saturation of 
basilic venous blood after 4 min of exercise, and Ellis (1932) demonstrated an 
increased oxygen saturation after 15 min of exercise. 

It is very difficult to 6btain plethysmographic measurements during 
exercise, but Christensen, Nielsen & Hannisdahl (1942), using a finger plethys- 
mograph, were able to show a reduction of finger blood flow at the beginning 
of exercise. Unless exercise was severe this reduction did not persist and blood 
flow rose above resting levels later in exercise. Christensen & Nielsen (1942) 
showed that in a cool environment when finger blood flow was low there was 

as reduction of blood flow with exercise, but during the later part of exercise 
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the blood flow increased as had been found in warm environments. Grant 
(1938), using a forearm plethysmograph, showed a transient increase of blood 
flow to the forearm together with a transient vasoconstriction in the hand, 
when the opposite arm was exercised. Lowenthal, Harpuder & Blatt (1952), 
making similar observations within 30 sec of the cessation of exercise which had 
lasted for 15 min, found that the forearm blood flow was unchanged, while the 
blood flow to the hand was increased. 

Stewart (1911), when describing his method of hand calorimetry, reported 
that exercise of one hand resulted in a diminished heat elimination from the 
opposite hand, and concluded that exercise of one hand was associated with 
a reciprocal diminution in flow in the resting hand. 

Skin temperature changes lag behind changes in skin blood flow, especially 
when blood flow is decreasing, and are also liable to be unpredictably affected 
by the onset of sweating. Despite these disadvantages the relative simplicity 
of the method has resulted in its use by a number of workers. Adae (1876) 
recorded a decrease in the temperature of the closed hand during walking. 
Benedict & Parmenter (1929) and Talbot (1931) found a reduction of skin 
temperature immediately after exercise particularly in the trunk. Most of 
these experiments involved fairly prolonged exercise and sweating may well 
have interfered with their results. Christensen et al. (1942) and Barger, | 
Greenwood, Di Palma, Stokes & Smith (1949) observed a transient early fall 
in temperature of the hand during leg exercise. 

None of these investigations have provided information about changes in 
the blood flow to the whole arm during leg exercise. In the first group of 
experiments described in this paper changes in the arteriovenous oxygen 
content difference of the whole limb have been studied during and after 
exercise. Two further groups of experiments have been carried out. Hand 
calorimetry has been used to give a measure of blood flow changes to skin, 
while the rate of clearance of intramuscularly injected radioactive sodium has 
been used to measure changes in blood flow to muscles. 


METHODS 


The subjects for these experiments were healthy adults, of both sexes, predominantly males, and 
aged from 20 to 35. All were members of the team or colleagues who understood the nature and 
purpose of the procedure, They wore light indoor clothing or a cotton operation gown. The room 
temperature varied from 18 to 23° C and the relative humidity from 40 to 60% but environmental 
conditions changed little during the course of any one experiment. The subject lay on an X-ray 
table, and rested for }-1 hr before the study commenced. Exercise in the supine position was 
performed on a constant-speed, variable-load bicycle ergometer attached to the foot of the table, 
and was continued in each case for 10 min. 

Axillary vein blood sampling. The relaxed arm lay supinated and abducted about 60° and at the 
same level as the heart. A cardiac catheter was introduced into a tributary of the median basilic 
vein under local anaesthesia and its tip was advanced until it lay 1 cm lateral to the thoracic cage 
as judged by radioscopy. In this position venous blood, including that from the cephalic vein and 
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representative of the whole arm, could be sampled. An indwelling arterial needle was inserted 
in the brachial artery of the opposite arm. In experiments performed at rest on patients with 
rheumatic heart disease (Donald, Bishop & Wade, 1955), it has been established that no change in 
oxygen saturation of axillary venous blood resulted from the presence of the catheter in the vein 
or from the frequent sampling of blood. 

Two or three samples of blood, each 2-3 ml. in volume, were drawn from the catheter and from 
the arterial needle at rest over a period of 2 min, and the subject was then exercised. Venous 
samples were taken at the rate of 1-3/min throughout exercise and subsequent recovery, while 
arterial samples were taken less frequently. All samples were drawn steadily over a timed period. 
Expired air was collected between the fifth and eighth minutes of exercise for determination of the 
level of oxygen uptake. The percentage oxygen saturation of each blood sample was estimated 
in duplicate by a modification of Gatman’s spectrophotometric method (Wade, Bishop, Cumming 
& Donald, 1953). Blood oxygen capacity was estimated by the manometric method of Van Slyke 
& Neill (Peters & Van Slyke, 1932) on samples taken both at rest and during exercise and which 
had been rotated in contact with air in a sealed flask for 20 min. 

Hand calorimetry. The calorimeter used was a vacuum flask as described by Greenfield & 
Scarborough (1949). Correction was made for a slight heating effect due to the electrically driven 
mixing paddle, which was measured before and after each experiment. The hand volume was 
measured by water displacement at the end of the experiment. It was assumed that the tempera- 
ture of blood entering the hand was 37° C and the heat elimination was standardized to a calori- 
meter temperature of 32° C, in the manner described by Cooper, Cross, Greenfield, Hamilton & 
Scarborough (1949). The subject’s shoulders were supported by a bed rest so that the sternal angle 
was about 30 cm above the table. The hand was allowed to hang over the table, care being taken 
to avoid compression of the arm against the edge of the table. Observations were made for 20 min 
before exercise and were continued for up to 60 min after the end of exercise. 

Clearance rate of radioactive sodium from forearm muscle, The technique described by Kety (194°) 
was followed. From 5 to 10yuc “Na as 0-5 ml. of normal saline were injected into the muscle of the 
common extensor group of the forearm. The injection was made at a site one-third of the distance 
from the olecranon process to the radial styloid process, and at a depth of 2-5 cm. With the needle 
used there was very little leaking back along the needle track and any trace of the injected fluid 
was carefully removed from the skin. A Geiger—Miiller counter of the type described by Myant, 
Pochin & Goldie (1949) was placed against the site of injection. Minute counts were recorded for 
10 min at rest and then during the 10 min of exercise, and the results plotted on semi-logarithmic 
paper. 


RESULTS 
Axillary venous blood sampling 

Nine subjects were studied, and they have been divided into three groups 
according to the level of work performed. The subjects in group A (NA 1-3) 
had a mean oxygen uptake during exercise of 1157 ml./min/m? (range 1089- 
1201), the subjects in group B (NA 4-6) had a mean oxygen uptake of 718 ml./ 
min/m* (range 682-758) and the subjects of group C (NA7-9) had a mean 
oxygen uptake of 567 ml./min/m* (range 483-618). Details of the subjects 
with their oxygen uptake, the mechanical work performed during exercise, 
the blood oxygen capacity, arterial oxygen saturation and brachial arterial 
pressure at rest and during exercise are given in Table 1. 

The changes in oxygen saturation of axillary venous blood in each subject 
are shown in Fig. 1. The changes in arterial oxygen saturation were as found in 
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previous studies (Donald, Bishop, Cumming & Wade, 1955), a slight fall 
occurring in most subjects during exercise, with a larger fall in two of the three 
subjects performing the heaviest work. 


Axillary venous blood oxygen saturation 
This will be considered before, during and after exercise. 


At rest the oxygen saturation varied from 71 to 87% with a mean value 
of 80%. 


Taste |, Axillary vein sampling in normal subjects. Personal data, exercise oxygen uptake, 
blood oxygen capacity, arterial oxygen saturation and brachial arterial blood pressure 


0, Blood O, Arterial O, Brachial artery 
Work uptake capacity ' saturation pressure 
( (ml./ (vol. %) (%) (mm Hg) 
s.a. m/minf minf ——A~A——, 


Age 
Subject (years) (m?*) m*) m?) Rest Exercise Rest Exercise Rest Exercise 
NAIl 26 1-04 870 1089 18-7 21-9 97-6 97-0 102/68 178/106 


NA2 31 214 910 1180 200 2206 975 930 130/76 220/92 
NA3 30 205 870 1201 20-1 219 970 $986 112/60 260/126 
NA4 29 194. 605 758 #225 4233 97-7 £=962 132/80 176/80 
NA5 29 198 485 682 20 27 # 96-7 946 128/74 180/84 
NA7 28 1-57 340 «= 600 18-1 190 97-0 £957 136/76 168/94 
NA8 29 188 310 483 210 $215 972 96-4 110/60 152/78 
N.A9 35 167 320 8618 18-6 178 943 047 114/82 148/100 
Group A 
3 NAIC [ 1 NA3 
4 101 W140 7 4 1012 
ime (min 
Group B 
80 
70 
50 , NAS i NA6 
024681 1214.0 2 4 6 8 101214 
ime (min 
90 ‘ roup : 
6 
NA7 , NAB , NAP 
10 40 46 101214 
6 8 101214 02 +6 a 
Fig. 1. Theaxillary venous blood p tage saturati at rest and during exercise and subsequent 
recovery. Work commenced at zero time and stopped at signal. Subjects grouped according 
to level of work performed. 
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During exercise a fall in oxygen saturation was found in all subjects, but this 
was slight and of short duration in four subjects, particularly in subjects NA 1 
and NA4. The extent of this fall varied from 3 to 31%, with a mean value of 
16%, but there appeared to be no relationship between the fall in saturation 
and the severity of work performed. The lowest oxygen saturation during 
exercise varied from 40 to 83% with a mean value of 64%, and again this was 
not correlated with the amount of work performed. A slight delay at the 
beginning of exercise, before a fall in saturation occurred, was observed in two 
subjects, NA5 and NA8, where the delay was 1-0 and 1-7 min respectively. 

The time taken to achieve the lowest oxygen saturation varied greatly and 
was unrelated to the degree of work performed. The lowest mean minute 
saturation occurred betweeri the first and eighth minutes of exercise. The four 
subjects in whom the fall in oxygen saturation was small (NA1, NA4, NA6 
and NA8) reached this level earlier (mean 2-0 min) than the subjects in whom 
there was a larger fall in saturation (mean 4:4 min). 

A subsequent rise of saturation was seen in all subjects while exercise con- 
tinued, but the time of onset and degree of this rise varied considerably. It 
occurred as early as 0-2 min and as late as 7-5 min. The rise was observed early 
in the four subjects in whom there had been only a small fall in saturation, and 
in three of these the final exercising saturation exceeded the resting value, 
while in the fourth it was equal to the resting value. 

In- the remaining five subjects, in whom larger falls in saturation had 
occurred, the rise in axillary venous saturation occurred later, and although 
the degree of rise was about the same as in the four other subjects the satura- 
tion at the end of exercise was still at least 10% lower than the resting 
saturation. The final exercising oxygen saturation in the nine subjects varied 
from 60 to 88% (mean 75% ). 

After exercise. The rise in oxygen saturation which had been taking place 
towards the end of exercise in all subjects continued after exercise had stopped, 
except in the case of subject NA1. In this subject there was a fall in saturation 
during the first minute of recovery, followed by a further rise so that the 
saturation remained above the resting level until the study ceased at the fifth 
minute after exercise. The saturation continued to rise in subject NA 6, reaching 
7% above the resting level during the third minute of recovery and returning 
to resting values only in the twelfth minute after exercise had stopped. In 
subject NA8 the rise of saturation continued to 92% in the first minute after 
exercise: it then fell but remained above the resting level. In the remaining 
subjects the resting level of saturation was reached between the first and third 
minutes of recovery, although in two subjects (NA2 and NA5) this was 
followed by a further fall in saturation. 


Fig. 2. 


Axil 

Tk 
: rest, 
exerc 
At 
(mea 
norm 

axille 
(S.D. 
TaBLE 

mu 


ARM BLOOD FLOW DURING EXERCISE 299 


) Axillary arteriovenous oxygen content difference 
The axillary arteriovenous oxygen content difference (A-V difference) at 
rest, its maximum value during exercise and its minimum value during late 
exercise are given in Table 2. 

At rest the axillary A~V oxygen difference varied from 1-8 to 5-3 vol. % 
(mean 3-1 vol. %). Observations have been obtained at rest in a further four 
normal subjects in all of whom the value lay within this range. The mean 


axillary A-V difference in these thirteen normal subjects was 3-1 vol. % 
(s.D. = 1-3). 


Tasxe 2. Axillary vein sampling in normal subjects. Axillary A-V oxygen difference and total 
arm blood flow at rest and during exercise 


Axillary A-V 0, difference Total arm blood flow 
(vol. %) (as % of resting) . 
Max.in late Min.in ‘Max. late 
Subject Rest exercise exercise exercise exercise 
NAl 5-0 6-6 2-9 76 172 
NA2 5-0 11-0 71 45 70 
NA3 2-1 7-6 5-2 27 40 
| NA4 2°3 3-3 2-2 71 107 
NA5 2-2 6-8 5-1 32 
| NA6 53 7-4 4-7 72 114 
NA7 1-8 57 5-0 31 35 
NA8 3-2 41 2-0 78 158 
NA9 3-2 7-0 4-9 46 66 
1200 
1100- 


Oxygen uptake (ml./min/m7) 


q 


0 1 


8 


3 4 10 11 
Axillary A-V difference (vol. 
Fig. 2. The relationship of the maximum and minimum axillary A-V oxygen difference to the 
oxygen uptake during exercise in nine normal subjects. @, rest; O, max. in exercise; x, 
minimum in late exercise. 
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During exercise there was an increase in axillary A~V oxygen difference in 
all subjects, but this increase was transient in several. The relationship of the 
maximum axillary A-V difference to the oxygen uptake during exercise is 
shown in Fig. 2. There is a tendency for axillary A-V difference to increase 
with the amount of work performed, but there is great individual variation. 
The upper limit of normal resting values was exceeded during exercise in all 
but two of the subjects. 

As exercise continued the axillary A—V difference decreased in all subjects 
and in four the final exercise value was less than the resting value (Fig. 2). In 
only one subject did the final exercising value exceed the upper limit of the 
normal resting range. The tendency for the axillary A—V difference to decrease 
as exercise continued appeared to be greater in subjects performing the 
heavier exercise. Thus the mean decrease from the maximum value to the 
final exercising value was 3-3 vol. % for the subjects in group A, 1-8 vol. % 
for subjects in group B and 1-6 vol. % for subjects in group C. 


Deduced changes in total arm blood flow 


If it is assumed that the oxygen uptake of the resting arm is unchanged 
during leg exercise and that arm blood flow is inversely proportional to the 
axillary A~V oxygen difference, the total arm blood flow during exercise can 
be expressed as a percentage of its value at rest. In these subjects the lowest 
flow was always found during early exercise and varied from 27 to 98 % of the 
resting flow, with a mean value of 53 °% (Table 2). There was no close relation- 
ship between this flow and the severity of the work performed. Nevertheless, 
the three subjects in group A who did the hardest work had a mean minimum 
total arm blood flow during exercise of 39° (range 17-48%) of the normal 
resting blood flow, while the corresponding figure for the remaining six subjects 
in groups B and C was 60% (range 43-95%). 

Later in exercise the total arm blood flow increased, and in four subjects it 
exceeded the resting value before exercise ceased. This increase did not appear 
to be related to the severity of work performed. 


Hand calorimetry 


Ten normal subjects were studied. The oxygen uptake during exercise was 
not measured, but the mechanical work performed by each subject is given 
in Table 3. 

An attempt was made to follow the changes in heat elimination from minute 
to minute, because the previous studies had suggested that rapid changes in 
blood flow to the arm occurred early in exercise. The inevitable errors of this 
method result in considerable minute to minute variations in such measure- 
ments even when subjects are at rest, and to minimize the effect of these 
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variations the group of subjects has been considered as a whole whenever 
possible, The heat elimination at rest has been taken as the mean value for 
the 10 min period immediately preceding exercise. This value, together with 
the lowest heat elimination in any minute during exercise, the highest value 
during later exercise and the greatest heat elimination during recovery are 
given for each subject in Table 3. All values have been expressed as calories/ 
min/100 ml. of hand. The results are illustrated in a composite manner in 


Fig. 3, each minute value representing the mean of the corresponding obser- 
vations on the ten subjects. 


TaBLE 3. Heat elimination for hand at rest and during exercise and recovery in normal 
subjects, with deduced changes in hand blood flow 


Heat elimination. 
(cal/min/100 ml. hand) Hand blood flow 


Work Highest Min. Highest Highest 
(kg Lowest late Highest exercise sobs recovery 
Subject m/min/m*) Rest exercise exercise recovery (% rest) (% rest) (% rest) 


NC1 470 42-5 16-5 36-0 65-5 39 85 150 
NC2 400 3-8 10-4 80-5 144 340 £2100 2960 
NC3 385 33-3 14-1 46-1 60-4 42 140 1980 
NO4 375 9-4 58 27-8 52-8 62 300 560 
NC5 340 1-8 5-4 35-6 63-5 69 480 810 
NC6 320 ‘26-2 10-3 32-2 44-0 39 120 170 
NC7 320 11-0 50-4 52-4 49 460 480 
NC8 320 19-3 5-0 40-8 18-5 26 210 410 
NC9 1. $8 49 6-5 42 65 85 
NC10 190 12-6 6-6 146 30-2 52 120 240 

50 

; 45 

40 

35 
30 

3 235 

20 

15 

10 
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0 4 6 8 10 12 14 16 18 20 22 24 26 28 30 
Time (min) 


Fig. 3. Heat elimination from the hand at rest, during exercise and subsequent recovery. A 
composite diagram, each minute value representing the mean of the corresponding obser- 
vations on ten normal subjects. 
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Heat elimination at rest. The heat elimination in individual subjects at rest 
ranged from 3-8 to 42-5 cal/min/100 ml. hand, with a mean value of 17-4 cal/ 
min/100 ml. hand. 

Heat elimination during exercise and recovery. During the early part of 
exercise there was a reduced heat elimination from the hand. The extent of the 
fall in heat elimination at the beginning of exercise was roughly proportional 
to the heat elimination at rest (Table 3). The lowest value occurred during the 
second minute of exercise, and thereafter the heat elimination increased until 
the resting level was regained during the sixth minute of exercise. The heat 
elimination continued to increase till the end of exercise and reached a value 
in the last minute of exercise which was twice the mean value at rest. After 
stopping exercise there was a still further increase in heat elimination and the 
highest levels were attained during the third, fourth or fifth minutes after 
exercise. 

Certain individual variations from the mean behaviour were observed. 
Subject NC2, whose resting heat elimination was the smallest of the group, did 
not show any further reduction of heat elimination with exercise, and although 
the value in the second minute was the lowest during exercise, it nevertheless 
exceeded the resting value. 

The increase of heat elimination during the later minutes of exercise was 
observed in all subjects, but was least in subject NC9 and NC10 who per- 
formed the lightest work. In subject NC9 the heat elimination did not exceed 
the resting value at any time during exercise, and this was also the case in 
subject NC1 whose resting value was the highest of the group. The resting 
level of heat elimination was regained at times ranging from the fifth to the 
tenth minute of exercise. 


Deduced changes in hand blood flow 

If it is assumed that the blood flow to the hand is proportional to its heat 
elimination, the blood flow during any minute of exercise may be expressed 
as a percentage of the resting flow by relating the heat elimination in the two 
states. The lowest blood flow found in each subject during exercise is given in 
Table 3. It varied from 26 to 69% of the resting blood flow (mean 50% ) 
if subject NC2 whose resting value was the lowest of the group was 
excluded. 

The mean hand blood flow during the last minute of exercise was twice that 
at rest before exercise. In individual subjects the range of hand blood flow 
during this minute was from 2100%, of the resting hand blood flow in subject 
NC2 to 65% in subject NC9. After exercise had ceased, higher levels of blood 
flow were reached in most subjects, the highest mean value for the group being 
274% of the resting hand blood flow in the fourth minute of recovery. The 
values in individual subjects varied from 1950% in subject NC2 to 150% in 
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subject NC1, while in one subject, NC9, the resting level was not exceeded 
during recovery. 


Sancurepes half time Standardized half time 
difference 
7 _ 134-—9-5 
= = 


Fig. 4. Clearance of radioactive sodium from forearm muscle. Examples of the decline in minute 
counts during rest and exercise, indicated by the signal markers, following the injection of 
5-l0uc | 


Clearance of radioactive sodium from forearm muscle 


Twenty-five normal subjects were studied at rest and during exercise. The 
oxygen uptake was not measured but the mechanical work was recorded and 
varied from subject to stibject. Examples of the results obtained are given in 
Fig. 4. From these graphs an estimate was made of the slope of the decline in 
counting rate, this slope being considered proportional to the muscle blood flow. 
The gradient of the decline has been expressed by the half time of decay and 
a value for this has been calculated for the resting and exercising states. 
Frequently the first 2-3 min following the injection gave variable readings, 
and observations in this period have heen disregarded. The fitting of lines to 
the points on the graphs was difficult, and each graph was therefore examined 
by different observers on a number of occasions. Each value for the half time 
represents the mean of several of such examinations. The half time varied 
greatly from: subject to subject at rest and changes in the half time that 
occurred during exercise were best expressed as a proportion of the resting half 
time and the term so derived has been called the standardized half time 
difference (Fig. 4). 

Ten other subjects were investigated at rest only, the half time of decay 

being caleulated for the first and second 10 min periods. It was hoped in this 
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way to eliminate any confounding effect resulting from the exercise period 
occupying a later period in time than the resting period. 

Studies at rest only. The half time at rest in these ten subjects varied from 
7-6 to 16-6 min and the difference between the half time for the first and 
second 10 min periods varied from —0-8 to +5-5 min. The standardized half 
time difference had a mean value of +0-182 (s.p. 0-222). 

Studies at rest and on exercise. The half time at rest in these twenty-five 
subjects varied from 6-9 to 19-8 min and the difference between the half time 
for the resting and exercise states varied from —4-2 to +17-6 min. 


Standardized half time difference 
6S 
ee 
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400 
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Fig. 5. Relationship of the differences between the standardized half times for the resting and the 
exercising states to the level of mechanical work performed in twenty-five subjects. 


The standardized half time difference is plotted against the mechanical 
work performed in Fig. 5. There was no evidence that the magnitude of this 
difference was related to the severity of the work performed, and the group 
of subjects has therefore been considered as a whole. The mean value for the 
standardized half time difference between the resting and exercising states was 
+0304 (s.p. 0-433). This is not significantly different from the changes found 
between the first and second 10 min period of the ten resting subjects (¢ = 0-25, 
P=0°8). 

Thus, although the group of subjects as a whole showed an increase in half 
time, and presumably a decrease of muscle blood flow during exercise, there 
is no evidence that this change was greater than would be expected if during 
the period under observation the subjects had rested throughout. It will be 
noted in Fig. 5, however, that in four subjects the standardized half time 
difference fell outside the range defined by twice the standard deviation of the 
mean difference derived from the studies at rest. The finding of four out of 
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twenty-five observations above the upper limit of this range, whereas 
only one out of twenty would be expected, is statistically significant 
(P =0-027). 
DISCUSSION 

If the assumption that there is no significant change in the resting arm oxygen 
uptake during leg exercise is accepted, these studies of oxygen saturation of 
axillary venous blood suggest that there is a reduction of total arm blood flow 
during the early part of exercise, that later in exercise the blood flow increases, 
and that after exercise it is frequently greater than the resting blood flow. 
These changes in total arm blood flow represent a summation of changes 
taking place in the two major circulations of the limb. It has been recently 
shown that the skin and muscle circulations react quite independently to 
reflex body heating and to changes in posture (Roddie, Shepherd & Whelan, 
1956; Edholm, Fox & Macpherson, 1956). Hand calorimetry and the measure- 
ment of the rate of clearance of radioactive sodium from forearm muscle were 
performed in an attempt to determine the separate response of skin and muscle 
circulation in the resting arm during leg exercise. 

The studies of radioactive sodium clearance provided no definite evidence 
that the muscle blood flow was altered during exercise, but further information 
is required on this point, and studies with retrograde catheterization of deep 
muscle veins of the forearm are in progress. It will be noted that the brachial 
arterial pressure rose considerably during exercise, particularly at the highest 
levels of exertion. The lack of any significant change in muscle blood flow, as 
judged by sodium clearance, despite a raised perfusion pressure, would suggest 
that there was in fact vasoconstriction in the resting muscle of the forearm 
during leg exercise. 

Hand calorimetry showed a reduction of hand blood flow during the early 
part of exercise, except in the case of individuals whose hand blood flow at rest 
was small, a finding similar to that of Christensen & Nielsen (1942) in their 
finger plethysmographic studies. Later in exercise and during early recovery 
the hand blood flow was shown to increase to several times that at rest. When 
the time lag inherent in the calorimetry studies is taken into account, these 
findings suggest that the initial increase and later decrease in axillary A~V 
difference could well result from early reduction and later increase in the blood 
flow to the skin of arm and hand. Towards the end of the exercise period and 
in the first minutes after exercise the heat elimination from the hand indicated 
a far greater increase in hand blood flow than was to be expected from the 
changes in the axillary A-V differences. This was most evident in individuals 
in whom hand blood flow at rest was small, and it seems not unlikely that the 
increase in blood flow at this time was far greater in the hand than in the skin 
of the rest of the arm. Another possibility is that at rest a considerable pro- 
portion of the hand blood flow was passing through arteriovenous communica- 


- d 
3 a 
4 
a 
q 
» 4 


306 J. M. BISHOP AND OTHERS 


tions and that during and after exercise this blood passed through the super- 
ficial skin capillary or venous plexuses resulting in an increased heat elimina- 
tion without a proportionate increase in blood flow. 

It is worth briefly comparing these findings with those in patients with 
chronic rheumatic heart disease and mitral stenosis in whom the cardiac out- 
put is reduced both at rest and on exercise (Donald, Bishop & Wade, 1955). 
The most disabled patients with a low cardiac output had at rest a large 
axillary A~V oxygen difference and small hand blood flow (Abramson, Fierst & 
Flachs, 1942; Bishop, 1956). Leg exercise caused a marked and sustained fall 
of axillary venous blood oxygen saturation to levels as low as 20%. In the 
very disabled patients the level remained low until the end of exercise. In 
the less disabled patients with some increase of cardiac output on exercise, 
the axillary venous saturation did not show such a marked fall and a rise 
towards or even above resting levels occurred as exercise proceeded, as in 
normal subjects. 

It would appear that a reduction of arm blood flow is the initial response to 
leg exercise in both normal subjects and patients with heart disease, but that 
this is most marked and sustained in the patients with an impaired cardiac 
output response. As exercise proceeds, a decrease of axillary A~V oxygen 
difference, a rise in blood flow and a marked increase of heat loss from the hand 
occurs in the normal subjects and the less disabled patients with normal or 
near normal levels of cardiac output at rest and exercise. In the more disabled 
patients with low and unchanging cardiac outputs this increase of arm blood 
flow did not occur late in exercise. 

The fact that the skin vaso-dilatation and the resultant loss of heat which 
normally occurs late in exercise appears to be prohibited when the cardiac 
output is greatly restricted, suggests that the maintenance of blood pressure 
in the face of increased blood flow to the exercising limbs takes priority over 
the need for skin vaso-dilatation and heat loss. It is possible that such limits 
of circulatory economy may occasionally occur in the normal subject and 


studies of the body temperature and skin circulation of athletes during very 


violent exercise would be of interest. 


SUMMARY ) 

1. Blood flow changes in the resting arm have been studied by the use of 
three different techniques during and after ten minutes leg exercise in the 
supine position. 

2. In each of nine subjects the axillary arteriovenous oxygen content 
difference showed an initial increase after the start of exercise, followed after 
a variable time by a decrease, indicating a reduction of deduced total arm blood 
flow during the early part of exercise to a mean value of 53% of that at rest. 

3. Hand calorimetry in another group of ten subjects showed a reduction 
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of heat elimination in each case in the early minutes of exercise, indicating 
a reduction of blood flow to the hand to a mean value of 47% of the deduced 
blood flow at rest. This was followed by an increasing heat elimination reaching 
a peak during the last minute of exercise or the early part of recovery. The 
’ increase in hand heat loss at this time was usually of a greater order than that 
suggested by axillary A-V difference changes. 

4. Study of the rate of clearance from forearm muscle of injected radio- 
active sodium in a further twenty-five subjects showed the mean difference 
between the resting and exercise values to be not significantly different from 
the mean difference between pairs of consecutive measurements at rest. 

5. It is concluded that the blood flow to the resting arm is initially reduced 
during leg exercise under these conditions, this reduction usually not per- 
sisting after the early minutes of exercise, The change takes place principally 
in the skin circulation, there being no present evidence of alteration in the 
muscle blood flow. 


We are greatly indebted to our colleagues who volunteered as subjects in these studies, and to 
Mr R. J. Mills for skilled technical assistance. We are also indebted to grants from the Endowment 
Research Fund of the Birmingham United Hospitals. 
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CHANGES IN ARTERIAL-HEPATIC VENOUS OXYGEN 
CONTENT DIFFERENCE DURING AND AFTER 
SUPINE LEG EXERCISE 


By J. M. BISHOP, K. W. DONALD, 8. H. TAYLOR* 
P. N. WORMALD 


From the Department of Medicine, Queen Elizabeth Hospital, 
University of Birmingham 


(Received 2 February 1957) 


It has long been considered and taught that the circulation to the splanchnic 
area is reduced during exercise, although there has been remarkably little 
evidence to support this view. Techniques for the measurement of hepatic 
blood flow in man are of quite recent development, and most information con- 
cerning the splanchnic circulation is based upon animal experiments. It is 
probable that considerable species differences exist in the behaviour of this 
circulation. Bauer, Dale, Poulsson & Richards (1932) and Grab, Janssen & 
Rein (1929) showed that the dog’s liver could store and release blood, while 
the former workers could find no similar mechanism in the cat or the goat. 
Barcroft, Harris, Orahovats & Weiss (1925) showed that exercise caused a 
reduction of the size of the spleen in the cat and dog. Barcroft & Florey (1929) 
found that the exteriorized spleen contracted during exercise in the dog and 
that a portion of exteriorized colon blanched at the commencement of exercise, 
although this blanching did not persist as exercise continued. Grindley, Herrick 
& Mann (1939), using the thermostromuhr, demonstrated an increased splenic 
blood flow in the dog during exercise. Herrick, Grindley, Baldes & Mann 
(1940), using the same method, showed that exercise was usually associated 
with an increased blood flow in the superior mesenteric artery of the dog, 
although in several of the animals there was a reduction of blood flow below 
the resting level when exercise ceased. Blood flow measurements by this 
method during exercise are not wholly reliable and are subject to many errors, 
as discussed by Barcroft & Loughridge (1938). 
The earliest observations of the effect of exercise on the human iedisahnie 
circulation were those of Benhamou, Jude & Marchioni (1929), who claimed 
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that radiographs. after exercise showed evidence of splenic contraction. The 
conditions were uncontrolled, however, and it seems most improbable that 
sufficiently accurate measurements could have been made by this method to 
justify such conclusions. 

The technique of catheterization of the hepatic vein in man, first described 
by Warren & Brannon (1944), was employed by Bradley, Ingelfinger, Bradley 
& Curry (1945) in the method which they devised for the measurement of 
hepatic blood flow by study of bromsulphthalein extraction. Bradley, 
Ingelfinger & Bradley (1952) found the mean normal resting hepatic blood 
flow to be 1530 ml./min, that is, about one-fifth of the total cardiac output. 
Bradley (1948, 1949), reported the results of preliminary experiments in one 
normal subject which showed that exercise resulted in a reduction of hepatic 
blood flow, by as much as 500 ml./min. Lowenthal, Harpuder & Blatt (1952) 
followed the concentration of bromsulphthalein in the peripheral blood while 
a constant infusion was maintained and found no change in the concentration 
during exercise. This method, however, is probably too insensitive to detect 
any but very large changes in hepatic blood flow. 

It is evident, then, that knowledge concerning the splanchnic blood flow 
during exercise in man is still very scanty, but such data as are available 
suggest a reduction of blood flow. In the present studies the oxygen content 
of hepatic venous blood has been measured at rest and during and after 
exercise so that the minute to minute changes in the arterial-hepatic venous 
oxygen content difference (hepatic A-V difference) could be followed, and 
deductions made as to changes in hepatic blood flow. Since the hepatic veins 
join the inferior vena cava separately it is not possible to obtain mixed 
hepatic venous blood from the whole liver, and in all cases blood was sampled 
from the hepatic vein from the right lobe of the liver. Bradley (1950) has 
shown that there is relatively uniform extraction of bromsulphthalein from 
the blood by different areas of the liver and it appears justifiable to assume 
that the blood sampled was representative of ‘mixed’ hepatic venous blood. 


METHODS 

The subjects for these experiments were eight healthy men, aged from 21 to 43 years. All were 
members of the team or colleagues who understood the nature of the procedure. The subjects had 
fasted for 6 hr before the experiment, and had been lying at rest for at least 1 hr before the study 
commenced. The room temperature ranged from 18 to 23° C, but changed little during the course 
of any experiment. The subjects wore light indoor clothing. Exercise continued for 10 min in 
each case and was performed in the supine position on a constant-speed, variable-load bicycle 
ergometer attached to the foot of the table on which the subject lay. 

A cardiac catheter was introduced under local anaesthesia through the median basilic vein, anc 
advanced until its tip lay within the right lobe of the liver. Care was taken to ensure that there 
were no loops of catheter within the right atrium and that the catheter tip was not displaced from 
the hepatic vein by maximum respiratory excursions. The position of the catheter was checked in 
each case after completion of the study. An indwelling arterial needle was inserted in the brachia! 
artery of the opposite arm under local anaesthesia. 
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Two or three samples of blood, each 2-3 ml., were drawn from the catheter and arterial needle 
at rest over a period of 2 min, and the subject then exercised. Further samples (1-3 per min) were 
taken from the catheter during exercise and the early part of recovery. Further samples were 
taken at longer intervals during the later part of recovery, the study being prolonged to 20 min 
or more after the end of exercise in some of the subjects. Arterial samples were taken less fre- 
quently, All blood samples were drawn at a steady rate and accurately timed. Expired air was 
collected in a Tissot spirometer between the fifth and eighth minutes of exercise, for the deter- 
mination of the oxygen uptake. “ 

The percentage oxygen saturation of each blood sample was estimated in duplicate by a modi- 
fication of Gatman’s spectrophotometric method, the reliability of which had been studied and 
found to be satisfactory (Wade, Bishop, Cumming & Donald, 1953). The blood oxygen capacity 
was measured by the manometric method of Van Slyke & Neill, or by a photometric method 
employing the Spekker absorptiometer and calibrated against the former method. Blood samples 
taken both at rest and during exercise were allowed to rotate in contact with air in a sealed flask 
for 20 min before estimation of the oxygen capacity and duplicate estimates were required to 
check to within 0-2 vol./100 ml. Expired gas was analysed by the Scholander (1947) micro- 
method, duplicate analyses being required to check to 0-03 %, for both oxygen and carbon dioxide. © 


RESULTS 


Eight subjects were studied, and they have been divided into three groups 
according to the level of work performed. The subjects of group A (NH 1-3) 
had a mean oxygen uptake during exercise of 1070 ml./min/m? (range 996-1168), 
the subjects of group B (NH 4-6) had a mean oxygen uptake of 829 ml./ 
min/m? (range 761-867) and the subjects of group C (NH 7 and 8) had a mean 
oxygen uptake of 584 ml./min/m*. Personal details of the subjects, together 
with the mechanical work performed, the oxygen uptake during exercise, the 
blood oxygen capacity, the arterial oxygen saturation and the brachial 
arterial pressure at rest and during exercise are given in Table 1. 


TaBLE 1, Subject’s age, surface area (S.A.), work performed, oxygen uptake and oxygen capacity, 
arterial oxygen saturation and brachial artery pressures at rest and during exercise 


Blood oxygen Arterial oxygen Brachial artery 
ure 


Oxy capacity saturation press 
| Work uptake (vol. %) (%) (mm Hg) 
s.a. (kg (ml/ 


Subject Piao (m m/m*) min/m*) Rest Exercise Rest Exercise Rest Exercise 


NHI 2 189 423 1169 198 218 939 928 134/96 232/120 
NH2 27 203 389 1044 21-4 23:2 970 952 136/80 188/92 
NH3 20 £44189 336 996 200 187 967 927 116/84 180/100 
NH4 21 202 352 867 200 21:1 969 947 140/70 206/94 
NHS 2 208 341 860 199 212 975 95-7 152/84 172/92 
NH6 29 #424188 285 761 21-1 223 990 940 104/56 136/80 
NH? 43 2:06 281 579 194 195 95:0 923 136/76 182/88 
24 


1-68 179 589 21-9 226 952 925 166/84 186/112 


There were no marked changes in arterial blood oxygen saturation, a small 
reduction. of saturation occurring in all subjects during exercise as had 
been found in previous investigations (Donald, Bishop, Cumming & Wade, 
1955), 
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During recovery. Observations during recovery were made in seven subjects 
only, clotting within the catheter preventing this in subject NH 4. These obser- 
vations were prolonged for times varying from 5 min in subjects NH1 and 
NH2 to 60 min in subject NH5. Only in the case of subject NH5 was the pre- 
exercise level of oxygen saturation regained, this being reached during the 
eleventh minute of recovery, to be followed by a further fall in saturation. 

In subjects NH1 and NH2 the saturation began to rise within 0-3 min of 
ceasing exercise, but the saturation was below resting levels at the fifth minute 
of recovery when sampling ceased. In the remaining five subjects the satura- 
tion fell when exercise ceased, the fall commencing in all cases within the first 
minute of recovery. This fall continued for several minutes and the lowest 
saturations occurred as late as the sixteenth and fifteenth minutes of recovery 
in subjects NH3 and NH7. Thus in five subjects lower levels of saturation 
were observed during recovery than during exercise, and in three of these 

subjects the difference was considerable, ranging from 12 to 14%. The fall in 
oxygen saturation continued to the twentieth minute of recovery in subject 
NH6 when it was 10% below the resting value, and in subject NH3 the 
saturation remained 8%, below the resting value in the thirty-eighth minute of 
recovery. 

Hepatic A—V oxygen difference 

The hepatic A-V difference at rest and the mean values for each minute of 
exercise have been calculated from the arterial and hepatic venous oxygen 
saturation and the resting and exercise blood oxygen capacity. 

At rest. The hepatic A-V difference at rest is given in Table 2 and varied 
from 3-8 to 6-8 vol. %, with a mean value of 5-1 vol. %; with the exception of 
subject NH65 all values lie within the range determined by Myers, Brannon & 
Holland (1950). 

‘During exercise and recovery. The maximum hepatic A—V differences during 
exercise and recovery are given in Table 2 and illustrated in Fig. 2. 

The hepatic A-V difference increased during exercise in all subjects, the 
greatest value observed being 12-1 vol. % in subject NH 1. The largest hepatic 
A-V difference, whether occurring during exercise or recovery, occurred in 
the subjects who performed the hardest exercise. Thus the mean value for 
subjects in group A was 10-8 vol. % (range 8-5-12-1), for subjects in group B 
it was 9-0 vol. % (range 8-5-9-7), and for subjects in group C it was 6-5 vol. % 
(range 5-8-7-2). The upper limit of the normal resting range was exceeded in 
four subjects (NH 1, NH2, NH4 and NHS5) during exercise, and by all but 
subject NH8 during recovery. 

The largest hepatic A-V difference occurred during exercise in two of the 
three subjects performing the hardest work, but occurred after exercise had 
finished in the remaining five subjects in whom recovery samples were 
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Tasie 2. Hepatic A-V difference (vol. %) at rest, the maximum values obtained during exercise 
and recovery and the calculated hepatic blood flow during exercise and recovery expressed as 
a percer of the resting flow 

stay Hepatic blood flow 


Hepatic A-V 0, difference (vol. %) as % resting 
Max. Max. "Min. Min. 
exercise recovery exercise recovery 
Subject Rest value value value value 
NHI §-2 12-1 43 
NH2 5-1 1i-9 43 
NH3 4-9 5-6 8-5 88 58 
NH4 5-4 8-5 oa 64 ope 
NH5 6-8 6-9 9-7 98 70 
NH6 5-0 59 8-7 85 58 
NH7 4-6 5-9 72 78 64 
NH8 3-8 5-4 5-8 71 66 
1200 
1100 
< 1 
€ 900 
E 900 
= 700 
200 
100 


Hepatic A-V difference (vol %) 

Fig. 2. The hepatic A~V oxygen differences at rest, @, and the maximum values recorded during 
exercise, ©, and recovery, x. In two subjects performing severe exercise the maximum 
recovery value was less than the maximum measured during exercise and in one subject no 
recovery samples were obtained. 


Deductions as to changes in hepatic blood flow 
If it is assumed that the splanchnic oxygen uptake is unchanged during 
exercise, the hepatic blood flow during exercise may be deduced as a pro- 
portion of the hepatic blood flow at rest, by relating the hepatic A—V difference 
in the resting and exercising states. 
For F, x AVp 
AVy 
where F, and F, are the values for hepatic blood flow at rest and during 
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exercise, and AV, and AV, the corresponding hepatic A--V difference. The 
results of such calculations are given in Table 2. 

Expressed in this manner the minimum hepatic blood flow during exercise 
varied from 43 to 98% of the resting hepatic blood flow. Considering the 
lowest value for hepatic blood flow in each patient, whether achieved during or 
after exercise, a greater reduction of blood flow occurred in the subjects per- 
forming the hardest work. The mean value for subjects»in group A was 48% 
(range 43-58), for subjects in group B it was 64% (range 58-70) and for 
subjects in group C it was 65°, (64-65). 

The minimum blood flow occurred during the last minute of exercise in two 
of the three subjects performing the hardest work. but occurred during re- 
covery after exercise in the remaining five subjects. 


DISCUSSION 


If it is assumed that there was no change in splanchnic oxygen uptake during 
exercise, and there is recent evidence to support this (Wade, Combes, Childs, 
Wheeler, Cournand & Bradley, 1956), these findings indicate that supine leg 
exercise causes a considerable reduction of hepatic blood flow. In the two 
subjects performing the hardest work the minimum hepatic bleed flow occurred 
during exercise, but in the remaining subjects it occurred during recovery 
after exercise. | 

Assuming the mean normal hepatic blood flow at rest to be 1530 ml./min 
as found by Bradley e¢ al. (1952) and that there was no significant change in 
splanchnic oxygen uptake, it is deduced that the mean greatest reduction of 
hepatic blood flow was about 650 ml./min. During exercise the mean reduction 
of hepatic blood flow was about 400 ml./min, while in one subject performing 
severe exercise the hepatic blood flow was reduced by as much as 900 ml./min. 

These blood flow changes are in approximate agreement with those of two 
previous investigations using the bromsulphthalein method. In a single 
observation made by Bradley (1948) the hepatic blood flow during exercise was 
reduced by about 500 ml./min. Wade et al. (1956) investigated five subjects 
who performed light exercise and found an average reduction of hepatic blood 
flow during exercise which amounted to about 300 ml./min. These workers 
found no significant change in splanchnic oxygen uptake during exercise, the 
mean values at rest and during exercise being 60 ml./min and 50 ml./min 
respectively. 

The blood flow changes during exercise, which have been deduced, occurred 
coincidentally with a rise of systemic arterial pressure. The extent of the 
vasoconstriction in the splanchnic bed was therefore greater than is indicated 
simply by comparison of the splanchnic blood flow in the two states. 

In two of the three subjects exercising at the highest level the most marked 
increase of hepatic A-V difference occurred during the last 2 min of — 

-2 


3 
4 
; 
‘ 
i 


316 J. M. BISHOP AND OTHERS 


with a prompt partial recovery immediately after exercise ceased. Apart from 
the acute changes in these two subjects the main impression in the whole 
study is that of a gradual increase of hepatic A-V difference throughout 
exercise which continued for some time after exercise ceased. Although the 
reduction of splanchnic flow during exercise may be related to barostatic 
demands, it is of interest to consider why it should continue to be reduced 
during recovery or, in some cases, become significantly reduced for the first 
time immediately after exercise. Recent studies of normal subjects during 
and after exercise have shown that the cardiac output returns to the resting 
value within about a minute (Donald et al. 1955). It is certain, therefore, that 
the increased skin blood flow after exercise, as well as that in the recently 
exercised muscles, must be accompanied by a reduction of blood flow to other 
regions of the body. The findings reported here suggest that the splanchnic 
circulation is considerably reduced during this period of skin vasodilatation 
and increased heat loss after exercise. 


SUMMARY 


1. The oxygen content of arterial and hepatic venous blood has been 
measured in eight healthy adult males at rest, during 10 min leg exercise and 
during recovery. 

2. The hepatic A~V oxygen difference increased during exercise in all 
subjects, the greatest increase occurring in those subjects performing the 
hardest exercise (oxygen uptake, 1070 ml./min/m?). 

3. In those subjects exercising at lower levels (oxygen uptake 829-584 ml./ 
min/m*) the most marked increase of hepatic A-V difference occurred after 
and not during exercise, and in some instances this increase was maintained 
for up to 30 min after exercise. 

4. The calculated mean reduction of hepatic blood flow during exercise 
was about 400 ml./min. 
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THE DISTRIBUTION OF ADRENALINE AND NORADRENALINE 
IN CHROMAFFIN GRANULES FROM THE CHICKEN 


By H. J. SCHUMANN 
From the Department of Pharmacology, University of Oxford 
(Received 28 February 1957) 


When the chromaffin granules of the bovine adrenal medulla are centrifuged in 
a density gradient, the adrenaline and noradrenaline are not distributed in the 
same way. In strongly hypertonic solutions of sucrose more noradrenaline is 
sedimented, and more adrenaline remains suspended in granules which do not 
settle to the bottom of the centrifuge tube (Eade, 1956). 

For the study of the intracellular distribution of the two amines the bovine 
adrenal medulla has the disadvantage that considerable time may elapse after 
death before the material is available for study in the laboratory. It was for 
this reason that in the present work the adrenal gland of the chicken was used. 
This gland contains a large proportion of chromaffin tissue. According to 
Elliott & Tuckett (1906), more than one half of the gland is medullary tissue 
and the content of both adrenaline and noradrenaline is high (Shepherd & 
West, 1951). 

Experiments on the adrenaline and noradrenaline content of granules from 
the chicken will be described. The fractions examined were obtained by centri- 
fugation of the chromaffin granules in a density gradient. At the same time, 
determinations of adenosine triphosphate (ATP) have also been carried out. 
In some of the experiments insulin was administered in order to study the 
distribution of catechol amines when the glands had been exposed to a stimulus 
which is known to induce secretion. 


METHODS 


The adrenal glands were rapidly removed, weighed and homogenized by hand in « glass homo- 
genizer, care being taken to avoid over-ho tion. The crude homogenate, in 0-3m-sucrose, 
was freed from coarse fragments, red cells and nuclei by centrifugation at low speed; this centri- 
fugation was followed by two further centrifugations, at higher speed as shown in Table |. 
A M.8.E, refrigerated centrifuge was used and all manipulations were carried out in an ice-bath. 
The centrifugations were at 0° C. 

The sediment from the second centrifugation at 12,000 (fraction D) was resuspended in 
0-3 sucrose; this material is called the large-granule fraction. It served as the starting material 
for further centrifugation. 
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For the centrifugation in a density gradient, the swing-out head SW 39L of the SPINCO 
preparative ultra-centrifuge was used. The sucrose solutions of different densities were carefully 
pipetted into the celluloid tubes on the day preceding the experiment, and the tubes were kept in 
the cold room at about 3° C during the night. The large-granule fraction was then layered above 
the hypertonic sucrose and centrifugation was carried out at 0° C, as shown in Fig. 1. 

At the end of the centrifugation, when the different layers were collected, use was made of a 
centrifuge tube cutter, kindly made for this Laboratory by Dr E. H. Schuster. This instrument 
allows the separate collection of the contents of different layers of the tube. For the determination 
of catechol amines enough hydrochloric acid was added to bring the concentration to 0-15; for the 
determination of ATP and protein nitrogen, 10%, trichloroacetic acid was added as described by 
Blaschko, Born, D’Iorio & Eade (1956). 


TaBLe 1. Scheme of centrifugation of homogenates of chicken adrenal glands 


Hom te in 0-3M sucrose 

cen at 600 g for 15 min 
Sediment (A) Supernatant 

centrifuged at 12,000 g for 15 min 


Supernatant (B) Sediment . 
ded in 0-3m sucrose 
a centrifuged at 12,000 g for 15 min 


(C) 
resuspended in 0-3m sucrose 
Large-granule fraction’ (D) 


For the determination of catechol amines, the iodometric method of von Euler & Hamberg 
(1949) was used with one slight modification: the acetate buffer solutions (at pH 4-0 and 6-0 
respectively) of the original method were replaced by the buffers described by McIlvaine (see 
Clark, 1928). Under these conditions, satisfactory determinations of adrenaline and noradrenaline 
in mixtures of the two amines could be made. 

For a qualitative study, ascending paper chromatography was carried out in a solvent system of 
either n-butanol-HCl or phggel-HCl. 

In a few experiments the adrenaline: noradrenaline ratio was also determined on the cat’s 
nictitating membrane by the method of Burn, Hutcheon & Parker (1950). 

ATP was determined by the firefly method and protein nitrogen by the micro-Kjeldahl 
method. 


RESULTS 
Distribution of catechol amines 
In all experiments the catechol amine contents were determined in the frac- 
tions A, B, © and D of the scheme shown in Table 1. This permitted calcula- 
tion of the catechol amines present in the whole gland. In seven experiments an 
amine content of 6-22-8-66 mg/g of gland was found, the mean value being 
7-25 mg. This high concentration of amine is in agreement with findings for the 
chick gland given by Shepherd & West (1951). ; 
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The large-granule fraction contained from 47 to 70% of the total amines 
present in the gland. The amine lost in the preparation of this fraction 
includes not only the amine present in the supernatant fluids (fractions B and 
C), but also the amine removed with the large fragments contained in 
fraction A. 


Density gradient Distribution after 30 min 
centrifugation at 142,000 g 
mi, | 
Large-granule fraction 
10 
0- 1-4 M sucrose 
0- 1°6 M sucrose 
0- 1-8 M sucrose 
0-5 2-0 M sucrose 


Fig. la, 6. Diagrammatic representation of the centrifuge tube used in the centrifugation at 
142,000 g for 30 min. (a) Before centrifugation; the numbers on the left of the tube represent 
the volumes put in. (6).After centrifugation; the numbers on the left are the numbers given 
to each fraction; the amount of sediment was smaller than shown in the diagram. 


A density gradient tube “was prepared as shown in Fig. la. The sucrose 
concentration at the bottom of the tube was 2-0Mm and at the top 1-4m. After 
centrifugation at 142,000 g for 30 min, the opaque material was distributed 
over the tube as shown diagrammatically in Fig. 1b. The region at the top of 
the tube, which had originally contained the large-granule fraction, appeared 
now entirely clear. Below this region there was a rather dense well-defined 
band, 2-5-3-0 mm wide, of opaque material. The contents of the tube below 
this band appeared slightly opaque and uniform throughout but, at the bottom, 
a yellowish brown sediment had settled. 

Four fractions were collected, numbered from 1 to 4 as shown in Fig. 1b. 
Fractions 1 and 2 were obtained with the help of the centrifuge tube cutter, 
fraction 3 by decanting. The sediment (fraction 4) was resuspended either in 
sucrose solution or in 0-1 N-HCl. The amine contents * these fractions were 
then determined. 

In all experiments satisfactory recoveries of amines were obtained. Table 2 
gives the result of one experiment; it shows that very little amine was retained 
in fractions 1 and 2. Fraction 1 represents chiefly the volume of the isotonic 
sucrose solution in which the granules were introduced. The figures show that 
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release of amines before centrifugation was very small. The low amine content 
in fraction 2 is of interest as it shows that a considerable amount of granular 
material contained no amines. 

Determinations were also made of the adrenaline and noradrenaline 
contents of the large-granule fraction and of fractions 3 and 4. The results are 
given in Table 3 which shows that the starting material for this centrifugation, 
the large-granule fraction, contained 53-75% of adrenaline. Fraction 3, the 
fraction above the sediment, contained practically only adrenaline, but the 
sediment (fraction 4) contained a mixture of adrenaline and noradrenaline. 


TaBLE 2. Distribution of catechol amines in a large-granule fraction of adrenal gland 
of the chicken after centrifugation in a density gradient tube 
Time of centrifugation, 30 min; gravitational force, 142,000 g 


Catechol 
amine content 
Fraction examined (ug) 
Large-granule 1260 
fraction 
Fraction 1 38 
Fraction 2 38 
Fraction 3 333 
Fraction 4 720 
Total recovered 1129 


TaBLE 3. Catechol amine contents, and percentage methylation, of large-granule fraction 
and of fractions derived by density gradient centrifugation 
Large-granule fraction Fraction 3 Fraction 4 


Amin Amine 
Expt. content Adrenaline content Adrenaline content Adrenaline 
no, (mg/g gland) (%) (mg/g gland) (%) (mg/g gland) (%) 


1 3°76 75 1-45 100 2-15 53 
2 3-55 61 0-97 96 2-05 61 
3 4-76 61 1-40 100 3-04 65 
4 5-94 53 1-23 100 3-65 62 
5 3-55 71 0-90 100 2-60 48 
6 3-65 65 0-70 100 3°25 40 


In order to find out whether the adrenaline present in fraction 3 was held in 
granules, the density of the surrounding medium was reduced by adding to 
one part of fraction 3 an equal volume of 0-3m sucrose. The mixture was at 
once recentrifuged for 60 min at 142,000 g. This procedure was carried out in 
four experiments and in each about two-thirds of the amine was recovered in 
the sediment. Both supernatant and sediment contained only adrenaline. 
These experiments show that fraction 3 contained granules with 100% 
adrenaline. The fact that one-third of the amine was now present in the 
supernatant fluid was probably due to release which occurred when the 
sucrose concentration was reduced by the addition of 0-3m sucrose. 

The final sediment, obtained after re-centrifugation of fraction 3 in the 
manner just described, was tested chromatographically in four experiments; 
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in each experiment the spot for adrenaline was very conspicuous. In three 
experiments a very faint spot was seen in the position corresponding to that of 
noradrenaline, but this spot was absent in one of the experiments. 

An assay on the nictitating membrane by the method of Burn et al. (1950) 
was carried out on one occasion and gave an adrenaline percentage of 95. 

In some of the experiments time and gravitational force of centrifugation of 
the density gradient tube differed from those employed in the experiments of 
Table 3. In one of these, two centrifugations were carried out, one at 142,000 g 
for 15 min, the other at 44,500 g for 15 min. Table 4 shows that centrifugation 


TaBLE 4. Catechol amine contents, and percentage methylation, in fractions obtained by density 
gradient centrifugation of large granules from chicken adrenal gland. The large-granule 
fraction contained 4-13 mg catechol amines/g gland, and the methylation was 61% 

Fraction 3 Fraction 4 


force Amine content A i Amine content Adrenaline 
(9) (mg/g gland) (%) (mg/g gland) (%) 
44,500 3-47 23 
“142,000 2-50 1-70 35 


Tas_e 5. Catechol amine contents and percentage methylation of large-granule fraction 
and of sediments after re-centrifugation 


Large-granule fraction First sediment Second sediment 
Expt. content Adrenaline content Adrenaline content Adrenaline 
no. (mg/g gland) (%) (mg/g gland) (%) (mg/g gland) (%) 
1 3-55 71 0-49 - 30 0-04 12 
2 4-16 66 0-62 17 0-07 3 


3 4-13 61 0-84 23 — oi 


at the lower gravitational force had deposited less of the total amine, but that 
this sediment was extremely rich in noradrenaline. In a second experiment, 
not shown, the sediment after centrifugation for 15 min at 44,500 g contained 
17% adrenaline, in contrast to the 66% of adrenaline in the large-granule 
fraction from which the sediment had been derived. 

In two experiments, the sediment from a first centrifugation in a density 
gradient was again centrifuged in a density gradient tube. In these experi- 
ments, the pooled sediments from a first centrifugation (for 15 min at 44,500 q) 
were resuspended in 0-3m sucrose and the material again layered over a 
density gradient and centrifuged for 20 min at 44,500 g. The results of these 
two experiments are given in Table 5. 

The table shows that in successive centrifugations the noradrenaline 
percentage content of the sediments increased; in one experiment the final 
sediment contained 88°, noradrenaline and in the other 97%. This sediment. 
which contained practically only noradrenaline, represented a very small part 
of the total catechol amines present in the large-granule fraction. 
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Distribution of ATP and protein nitrogen | 

Determinations of both protein nitrogen and ATP were carried out on some 
of the fractions in which the catechol amine content had been determined. The 
results are shown in Table 6, where the first two experiments are those called 
Expts. 5 and 6 in Table 3. The table shows that fraction 2, which retained a 
considerable amount of protein, was poor in ATP as well as in catechol amines. 
The molar ratio ‘adrenaline’: ATP has been calculated as in the paper by 
Blaschko e¢ al. (1956). The ratios of 5-8 and 4-3 found in the large-granule 
fraction are of the same order of magnitude as the figures found for the bovine 
granules. In both experiments the molar ratio was larger in fraction 3. 


TaBLE 6. Protein nitrogen, ATP and catechol amines in fractions of chicken adrenal granules. 
Values are given in mg/g tissue; the molar ratio ‘adrenaline’: ATP has also been calculated 


Expt. Catechol Molar ratio | Protein 
no. Fraction ATP amines Adr/ATP nitrogen 
1 Large granules 1-690 3-550 5-8 2-330 

Fraction 3 0-234 0-900 10-7 0-325 
Fraction 4 1-430 2-600 5-0 0-570 
2 Large granules 2-360 3-650 4:3 3-240 
Fraction 2 0-049 0-126 71 1-210 
Fraction 3 0-145 0-700 13-3 0-630 
Fraction 4 1-780 3-250 5-1 1-500 
3 Large granules 2-220 4-160 §-2 3-560 


Experiments on insulin-treated animals 

Two experiments were carried out in which insulin was administered. In the 
first experiment food was withdrawn from two birds 36 hr before the intra- 
venous injection of 1000 i.u. of insulin and the animals were killed 3 hr after 
injection. No symptoms were seen in these birds. In the second experiment, 
three birds were used. On the first day 1300 i.u. was injected 1.v. into each 
animal at 9:0 p.m. A second 1.v. injection, this time of 2000 iu. each, was 
made on the second day at 10.0 a.m., followed by a subcutaneous injection of 
1000 i.u. at noon. The animals, which showed signs of discomfort, were killed 
at 2.30 p.m. In each experiment the glands were pooled. 
Table 7 contains the figures for the amine, protein nitrogen and ATP con- 
tent of the various fractions examined. In the first of these two experiments 
7-7 mg amine/g gland was recovered, in the second 3-8 mg. The first value is 
close to the mean found in the earlier experiments in normal animals, but the 
second value is lower, about two-thirds of the lowest value found in normal 
animals. The percentage methylation of the large granules in the first experi- 
ment was 55, which is also within the range found in normal animals. However, 
in the second experiment the large granules had a percentage methylation of 
37 which is lower than the figures found in normal animals. 
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A marked difference from the findings in normal animals was found in 
fraction 3. This fraction, which in untreated animals always contained 
adrenaline only, contained in both experiments a mixture of AO and 
noradrenaline. 

The figures for ATP were normal for the first of the two ideal but in the 
second experiment figures for ATP were also low and for this reason the molar 
ratio ‘adrenaline’: ATP, also given in Table 7, was of the same order of 
magnitude in these animals as in those untreated. 


Taste 7. Protein nitrogen, ATP and catechol amines in fractions of chicken adrenal granules 
after pretreatment of the birds with insulin. Values are given in mg/g tissue; the molar ratio 
‘adrenaline’: ATP has also been calculated 


Expt. ATP amines Adrenaline _ ratio nitrogen 
no. Fraction (mg/g) (mg/g) (%) Adr/ATP — (mg/g) 
1 Whole gland _ 7-700 53-0 — 
Large granules 2-380 4-650 55-5 5-4 4-70 
Fraction 2 0-075 0-462 — 170 1-46 
Fraction 3 0-210 0-770 76-0 10-2 1-00 
Fraction 4 1-640 2-740 53-0 4-6 1-74 
2 Whole gland 3-810 43-0 
Large granules 1-320 2-190 37-0 4-6 2-52 
ion 3 0-138 0-384 60-0 77 0-367 
Fraction 4 0-755 1-190 51-0 4-4 0-570 
DISCUSSION 


The results given in the experimental part of this paper confirm and extend the 
findings of Eade (1956). They show that in the chromaffin tissue of the chicken, 
as in that of the ox, granules occur which differ in their adrenaline and 


noradrenaline contents. Whereas in a medium of homogeneous density, e.g. in 


0-3m sucrose solution, a separation of adrenaline and noradrenaline could not 
be achieved, this proved possible in a density gradient. As in the ox (Eade, 
1956), noradrenaline tended to sediment more readily than adrenaline when a 
suspension of chromaffin granules from chicken adrenals was spun in a density 
gradient. Proof has been given that at least two-thirds of the adrenaline which 
remained suspended in the upper part of the density gradient tube was present 
in granules; when the density of the suspending medium was reduced this part 
of the total adrenaline was sedimented. It is of interest that in these experi- 
ments the reduction of the sucrose concentration resulted in a release of some 
of the amine present, although the medium remained strongly hypertonic. 
Analogous observations on release of amines from bovine granules upon 
transfer from strongly hypertonic sucrose to less strongly hypertonic media 
have been reported by Hillarp & Nilson (1954). 

Fractions which contained adrenaline almost exclusively could regularly be 
obtained with relative ease. This contrasts with the difficulty encountered in 
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the separation of a granular fraction which contained practically only nor- 
adrenaline. The reason for this difference is easy to understand. The adrenaline- 
containing granules were retained in suspension in the sucrose solution where 
they had probably reached, or almost reached, equilibrium positions in the 
tube when centrifugation was terminated. Noradrenaline-carrying granules, 
however, could only be isolated before equilibrium had been reached and they 
could only be obtained relatively pure in a poor yield. 

Two alternative explanations of the results obtained are possible. Either 
there exist some granules carrying only adrenaline, others which carry nor- 
adrenaline and a third type of granule which carries both amines or there exist 
two types of granule, one carrying adrenaline and another carrying nor- 
adrenaline, the differences in density being so small that in the density gradient 
only the extremes can be separated. The second alternative seems rather attrac- 
tive. It would be in general agreement with the findings of the histologists who 
distinguish in the chromaffin tissue two types of cell, one which stores adrena- 
line and another which stores noradrenaline (Bander, 1951; Hillarp & 
Hokfelt, 1953; Eraénk6, 1955). The possibility must be considered that there 
exist two types of granule which differ in that one of them contains an appara- 
tus for the methylation of noradrenaline, whereas the other type does not. 

The observations on the granules from insulin-treated birds are of interest in 
this connexion. In these the rate of adrenaline formation must be assumed to 
_ be greatly speeded up, and it is here that the ‘adrenaline granules’ are found 
to contain not only adrenaline but also its immediate non-methylated pre- 
cursor. In the resting gland, where adrenaline formation is slow, the amount of 
precursor in the adrenaline granule is too small to be detected by the colori- 
metric method. This interpretation of the results obtained would be in support 
of the view which sees in noradrenaline not only a medullary hormone but also 
the immediate precursor in the formation of adrenaline. 

The relation between ATP and catechol amines was similar to that found in 
the adrenal medulla of the ox (Blaschko et al. 1956). In relation to the amount 
of amine present, the noradrenaline granules appear to contain a higher 
amount of ATP than the adrenaline granules. This is of interest for two 
reasons: first, it makes it unlikely that the large amounts of ATP found in 
chromaffin tissue are connected with the methylation of noradrenaline, and 
secondly it opens up the possibility that the differences in sedimentation are 
connected with these differences in the ATP content. This possibility would 
have to be tested by further experiments. 
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SUMMARY 


1. Homogenates in isotonic sucrose of the adrenal gland of the chicken have 
been centrifuged in a density gradient tube. 

2. Inthe uppermost layers of the gradient tube granules were retained which 
contained very little catechol amine. The granules which remained in sus- 
pension below this layer contained practically adrenaline only. 

3. The sediment contained a mixture of adrenaline and noradrenaline and 
from it fractions were separated which contained very high percentages of 
noradrenaline. 

4. The layers which normally contained adrenaline only contained a 
mixture of adrenaline and noradrenaline in two experiments in which insulin 
had been administered to the animals. 


This work was done during the tenure of a Bursary from The British Council. 
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DARK ADAPTATION, ABSOLUTE THRESHOLD AND 
PURKINJE SHIFT IN SINGLE UNITS OF 
THE CAT’S RETINA 


By H. B. BARLOW, R. FITZHUGH anp 8. W. KUFFLER 


From the Wilmer Institute, Johns Hopkins Hospital 
and University, Baltimore, Maryland 


(Received 4 December 1956) 


Granit (1943, 1944) observed that the threshold of retinal ganglion cells in the 
cat drops when they are allowed to dark-adapt after exposure to bright lights, 
and that there is a shift in spectral sensitivity analogous to the Purkinje shift 
in the human. The drop in threshold was rather small compared to that found 
in human dark adaptation, and the final threshold reached was not nearly as 
low as one would expect in an eye adapted for nocturnal vision. Pirenne (1954) 
has emphasized that there is a big discrepancy (a factor of 10°-10*) between 
the lowest threshold obtained by electro-physiological methods and the much 
lower thresholds found by psychophysical methods in humans (Hecht, Shlaer 
& Pirenne, 1942). In addition, the existence of a random maintained discharge 
from retinal ganglion cells (Kuffler, FitzHugh & Barlow, 1957) raises some 
doubts about the relative parts played by the retina and the central nervous 
system in determining thresholds. We therefore set out to measure the absolute 
threshold of the large type of ganglion cell (Rushton, 1949) isolated by metallic 
micro-electrodes of the type used by Granit & Svaetichin (1939). The oppor- 
tunity was taken of following threshold through the period of dark adaptation, 
and some observations of the Purkinje shift were made. 


METHODS 

Preparation of cat. Anaesthetics affect the maintained discharge from the retina (Kuffler et al. 
1957) and their effect on dark adaptation and absolute threshold is not known; ether-decerebrate 
cats with nerves III-VI crushed or cut intracranially were therefore used. These often keep in 
good condition with a still eye for about 12 hr. The experiment proper rarely started less than 
2 hr after the inhalation of ether had ceased, and it often continued for more than 8 hr without 
any obvious change in behaviour, so we think that residual ether is not important. Additional 
anaesthetic (Granit, 1943, 1944) was not needed to keep the eye still. 

Preparation of eye. For these experiments the eye had to be in the best possible condition; the 
technique of Talbot & Kuffler (1952), which avoids opening the eyeball, was therefore used. 
Briefly, the eye is held by a ring fixed to the attachment of conjunctiva to sclera, a hypodermic 
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needle is pushed through the sclera just behind the ciliary body, and an electrode is pushed 
through this needle until it touches the retina on the opposite side of the eye. The electrode is 
connected to a conventional physiological amplifier, loudspeaker, and oscilloscope. The electrode 
tip is observed through a combined ophthalmoscope and stimulator, and adjusted in position unti) 
good single unite are obtained. 

Optical stimulator. This was the multibeam instrument described by Talbot & Kuffler (1952), 
and subsequently slightly modified (Kuffler e¢ al, 1957). The background light was used for light- 
adapting the preparation, as well as for illuminating the retina while a unit was sought. Its source 
was a tungsten filament lamp run at a variable voltage, and further adjustable in intensity and 
colour by the use of filters. It illuminated a circle on the retina of 19° diameter. The stimulus 
light was a glow modulator tube (Sylvania R1131C) driven from an electronic stimulator. This 
gave square-topped pulses of light of variable duration. The intensity was controlled by two 
Eastman circular neutral wedges, and the colour by Wratten filters. A perforated plate was placed 
in a position parfocal with the retina, and gave a range of concentric spots from 14-5° to 36’ in 
diameter (equivalent to 3-25 to 0-135 mm diameter on the cat’s retina), These spots were placed 
at the centre of the receptive field of the ganglion cell isolated; this always lay close to the tip of 
the micro-electrode. 

Light from the stimulator passed through a contact lens on the cat’s cornea and the natural 
pupil which was dilated by division of the III nerve. Since the contact lens did not suit every cat, 
an additional spectacle lens was usually needed to focus accurately, but as it was of low power 
and close to the eye it did not change the magnification appreciably. 

Threshold measurement, Two types of threshold measurement were made: (1) the ‘threshold 
quantity’ of light delivered to a small area in the centre of the receptive field in a brief flash, 
expressed in quanta (i.e. the number of quanta of wave-length 510 my which would be an equivalent 
stimulus to the non-monochromatic flash actually used), and (2) the ‘threshold intensity’ of 
a long flash of light covering the whole receptive field, expressed in quanta/sec.degree*. These 
could be compared with analogous measurements in man and in the normal intact cat. 

The measurement of thresholds was complicated by the presence of a maintained, random, 
repetitive discharge of impulses from the ganglion cell, which occurred whether the retina was 
illuminated by light of constant intensity or was in total darkness. For reasons given elsewhere 
(Kuffler e¢ al. 1957) we believe that this maintained discharge is not an artifact of the experi- 
mental conditions, but is a normal occurrence in the healthy retina. The way in which threshold 
and suprathreshold discharges modify this maintained discharge is described elsewhere (Fitz- 
Hugh, 1957), and for the purposes of this work the somewhat arbitrary judgement of the 
experimenter as to the ‘threshold’ setting had to be relied upon. This difficulty was not, how- 
ever, so great as might be thought; the threshold was taken as the least strength of stimulus 
required to produce a perceptible change in the discharge in at least half the trials. First 
we used a loudspeaker to listen to the discharge and a conventional linear sweep to display it 
on a C.R.O.; later we also used an impulse interval meter (MacNichol & Jacobs, 1955). In this 
instrument each impulse appears as a dot on the screen. The abscissa is time, provided by a slow 
linear sweep synchronized with the flash; the ordinate of each dot depends on the interval since 
the preceding impulse, and in this application a convenient display was obtained when the 
ordinate was proportional to the logarithm of this interval. In this way every feature of a sequence 
of impulses lasting 3-4 sec can be made visible on a single sweep of 3-4 in. We found that this 
was a definite help in deciding whether a flash of light had affected the maintained discharge or not. 
Thresholds were repeatable to within about 0-2 log,, unit, even if determined by different 
operators.,Whenever possible repeat determinations were made. 


Calibration of light intensity 
Density of wedges and filters. These were measured in place in the apparatus using a Photovolt 
photoelectric photometer. The spectral transmission of the Wratten 75 filter used for absolute 
threshold measurements was measured on a Beckman spectrophotometer. 
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Intensity of adapting light. The light from the stimulator was projected through a lens of the 
same diameter as the cat’s pupil on to a MgO surface and its intensity measured with a Macbeth 
visual comparison photometer. The intensity of the light reaching the cat’s retina was calculated 
from this figure taking 13 mm for the posterior nodal distance of the cat’s eye. No correction was 
made for losses in the cat’s ocular media. This calibration applies wherever the intensities are given 
in f.c. 

Intensity of stimulus. A method which avoided heterochromatic matching was used to calibrate 
the light from the glow modulator tube (Sylvania R1131C) used as stimulus for the absolute 
threshold measurements. The energy passing a Wratten 75 (blue-green) filter from a lamp 
standardized by the National Physical Laboratory was calculated from the known intensity and 
spectral emission of the standard and the known spectral transmission of the filter. This light fell 
on a Photovolt photomultiplier type photometer, and was used to calibrate it in energy unite. 
This photometer was then used to measure the energy of light put out by the stimulator. The 
filtered light is not quite so effective for the scotopic eye as monochromatic light of 510 my, and 
the figures for energy were corrected for this, and expressed as equivalent quanta of this wave- 
length passing the cat’s pupil. 

Errors. The compact design of the combined ophthalmoscope and stimulator makes accurate 
photometry difficult, with the result that our errors may be rather large. For the absolute 
thresholds we do not think that the combined error can exceed 0-4 log,, unite; this is made up as 
follows. 

(i) The spectral emission of the stimulus light differs from that of the standard; this could only 
lead to a small error since the spectral dissimilarity was much reduced after the light had passed 
the Wratten filter, which was used for both lights, and the error was further reduced by putting 
a yellow filter in front of the photocell to make its spectral sensitivity curve more similar to that 
of the scotopic eye. 

(ii) A rather big error arose from the fact that the glow modulator tube was found to increase 
its light output over a period of many minutes after being turned on; this change was attributed 
to warming up, and measurements with the Photovolt photometer showed that the output could 
double. It was left on continuously during calibrations, so that it was fully warmed up, but during 
threshold measurements it was only on during a small fraction of the time, and its light output 
may therefore have been only 50% of its value during calibrations. 

(iii) When comparing the standard light and the stimulus light the wedge was at a low density ; 
during the determination of threshold its optical density was greater by about 4. Unfortunately 
the calibration of this wedge is in some doubt because a repeat calibration at a later date gave 
densities about 10% lower than the original one. The calibration giving higher densities was used 
for the calculations, which means that this error tends to cancel (ii), and it is probably of the 
same order of magnitude. 

An additional error is involved in the figures given for the Purkinje shift. The wedge was 
calibrated for blue-green (Wratten 75) light, but no separate calibration was done in the red- 
orange light (Wratten 29). These figures may, therefore, be subject to some consistent error, but 
from our experience of similar wedges we do not think that this exceeds + 0-2 log,, units at most. 


RESULTS 


Dark adaptation 
Fig. 1 shows the course of dark adaptation after light adaptations at 40 f.c. for 
30 min. This was an on-centre unit, and after turning out the light the main- 
tained discharge was silenced, but only for a short time; within 5 min it had 
returned, and was not obviously different from the maintained discharge in 
a light-adapted unit. The drop in threshold continued for 3 hr, and did not 
seem to be related to this temporary cessation of maintained activity. It will 
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be seen that the drop in threshold occurs in two stages. According to the 
classical duplicity theory the first stage would represent the dark adaptation 
of cones, the second that of the rods. In order to confirm this, dark adaptation 
was followed using red-orange (Wratten 29 filter) light as well as blue-green 
(Wratten 75) light. During the first stage both thresholds drop by about the 
same amount, but during the second stage the threshold to blue-green light 
drops much more than the threshold to red-orange light. It should be realized 
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Time (min) 
Fig. 1. Threshold (arbitrary units) of an on-centre unit (light-adapted for 30 min at 44 f.c. retinal 


illumination) to blue-green (Wratten 75, ©) and red (Wratten 29, x) light. Stimulus dura- 
tion 0-38 sec; diameter 2° 24’. 


that the position of the whole of the red-orange curve relative to the blue-green 
curve is fortuitous, since it depends solely on the original choice of a filter which 
passed more light of photopic effectiveness but less of scotopic effectiveness, 
than the blue-green filter; nevertheless, a comparison of the amounts by 
which the threshold to the two different-coloured lights drops, gives a measure 
of the extent of the Purkinje shift, and confirms that the first stage of dark 
adaptation is mediated by cones, and the second by rods (Wald, 1941). 

The shape and extent of this dark-adaptation curve are not unlike the curves 
for humans obtained in psychophysical experiments, but the time course is 
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definitely slower. The break in the human curve does not occur more than 
15 min after the start of dark adaptation (Craik & Vernon, 1941), and there 
is little further drop in threshold after 40 min; here the break is at 60 min, 
and dark adaptation is barely complete by 160 min; in other words, dark 
adaptation is slower than in humans by a factor of about 4. This particular 
curve was, in fact, the most prolonged dark-adaptation curve that we 
obtained, but we have several in which the threshold was still going down 
after 100 min, and dark adaptation always took more than 70 min if the 
preceding period of light adaptation lasted longer than 5 min at an intensity 
greater than 4 f.c. This intensity of light would bleach visual purple at the 
rate of about 20°%/min (Wald & Brown, 1953), so that a considerable fraction 
is likely to have been bleached out. We have done few dark-adaptation curves 
following weaker light adaptation, but it is clear that dark adaptation is 
quicker and covers a smaller range. In one case light adaptation was at 2 f.c. 
for 40 min, followed by 0-2 f.c. for 20 min; the threshold fell during dark 
adaptation through 1-5 log,, units, and the final threshold was reached in 
20 min. In another case, light adaptation lasted for 20 min at 0-14 f.c., and 
the threshold fell to within 0-4 log,, units of its final value after only 3 min 
dark adaptation. 
Purkinge shift 

During dark adaptation the threshold to a red-orange stimulus does not 
drop as much as the threshold to a blue-green stimulus. If, in the experiment 
of Fig. 1, there had been no change in the spectral sensitivity of the eye, the 
threshold to the red stimulus would have dropped 1-9 log,, units further than 
it did, and this figure has been used as a rough measure of the Purkinje effect. 
Comparable figures have been obtained from six other units in five cats, and 
they all lie within the range 1-8-2-3 log,, units, though they were obtained 
under a considerable variety of conditions of stimulation; some of the figures 
for the photopic condition were differential thresholds, for example, and in 
other cases the unit was lost before it was certain that dark adaptation was 
complete. If the dominant wave-lengths for red-orange and blue-green stimuli 
were as far apart as 630 and 490 my, the comparable figure for the Purkinje 
effect in the hum&n would have been 2-45 log,, units. 


Absolute thresholds 

Table 1 shows the range of absolute threshold values of eleven single units 
in seven cats. The stimulus for determining the threshold quantity of light was 
a flash of 5 msec duration which had passed through a Wratten 75 filter, 
having a maximum transmission at 490 mp. The spots subtended 14° or 2$° 
diameter, which is within the range where Ricco’s law of complete summation 
is found to hold for the majority of units isolated by this technique (though 
occasionally smaller units are found). The stimulus spots were near the centre 
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of the receptive field. These thresholds are likely to be close to the lowest 
obtainable with this technique, and it will be seen that the lowest of them are 
not much higher than those found in humans by psychophysical techniques 
(Hecht et al. 1942). It was surprising to find that on-centre and off-centre 
units had substantially the same thresholds, on-centre units ranging from 
264 to 3000 quanta, off-centre units from 232 to 2600. The threshold responses 
were not always simple (FitzHugh, 1957), but the occurrence of a few unusually 
short intervals between impulses seemed to provide the most sensitive index 
in the case of on-centre units, and the occurrence of a few unusually long 
intervals in the case of off-centre units. 


entering the 
Threshold Threshold intensi 

(no. of quanta) 

mana ganglion Highest 3000 Highest 3300 

cell in cat Average 1660 Average 1430 

Lowest 232 Lowest 520 

Intact cat (White light) 96 

Human 50-150 23 


The threshold intensity was determined with a blue-green stimulus spot 
subtending 144° and lasting for 0-38 sec. This completely covered the receptive 
field, and the flash lasted longer than that part of the response (the unusually 
short or long intervals at the beginning of flash) which was used as a criterion 
of threshold response in this experiment. Enlarging the area or prolonging 
the duration of the stimulus would not therefore have lowered the threshold 
values to any great extent. Again there was no consistent difference between 
on- and off-centre units. In the table the figures for the intact cat are calcu- 
lated from the data of Gunter (1951), obtained in conditioning experiments, 
and for man from Denton & Pirenne (1954). It will be seen that even our 
lowest figures for threshold intensity are considerably higher than those for 
the intact cat. If the figures for intensity in this table were expressed in terms 
of quanta per second per mm* of retinal surface, instead of per degree* of solid 
visual angle, the values for the cat would be larger, relative to those for man, 
by a factor of 2-2, since the cat’s eye is smaller than man’s. One degree® 
corresponds to 0-038 mm? of retinal surface in the cat, but to 0-085 mm? in 
man. 

All our units were in the upper two quadrants of the cat’s retina, which is 
the region overlying the tapetum; though we made no systematic search, we 
did not observe any correlation of threshold with position on the retina. 
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DISCUSSION 


The results reported here can be compared with previous results obtained on 
electrophysiological preparations of the retina, and they also need to be dis- 
cussed in connexion with the results of psychophysical investigations of vision. 

Granit (1943, 1944) has reported dark adaptation, Purkinje shifts and 
threshold values of single units isolated from mammalian retinae, and our 
results confirm his findings qualitatively; quantitatively, however, there are 
some discrepancies. Granit’s preparation showed a drop of threshold through 
2 logy) units in about 1 hr, whereas our thresholds often dropped more than 
4 log, units and reached a plateau after 2 hr or more in the dark. Two facts 
suggest that our preparations differ from his in dark-adapting further, rather 
than in starting from a higher level of light adaptation; first, the lowest 
threshold he recorded in the cat was about 0-01 metre candle, which is a great 
deal higher than our values; and second, he used a light-adapting intensity of 
2400 metre candles, which is considerably higher than the intensities we used. 
Another minor difference lies in the observed extent of the Purkinje shift. 
Granit reported that only 36% of his units showed the full shift of the maximum 
sensitivity from 500 my in the dark to 560 my after light-adapting. The 
remaining 64°%, only shifted as far as 520my. Our observations on the 
Purkinje effect were not very extensive, but all the units tested showed a 
bigger effect than would have occurred had the shift of peak sensitivity been 
as small as this. It does seem possible that these quantitative discrepancies 
as to the amount of dark adaptation, the final sensitivity reached, and the © 
extent of the Purkinje shift, all have some common explanation. 

One further observation is of interest in connexion with recent hypotheses 
as to the nature of dark adaptation (Rushton & Cohen, 1954; Wald, 1954). 
It was found that dark adaptation was slow and prolonged, with easily 
separable rod and cone portions, only if the preceding light adaptation was 
intense enough and lasted long enough to bleach a considerable fraction of the 
rhodopsin in the retina. Under these conditions resynthesis must occur during 
dark adaptation, though one cannot tell if it is the rate-limiting process. If it 
is, then resynthesis must be considerably slower in the cat than in man, and 
there is some independent evidence that this is the case (Granit, Munsterhjelm 
& Zewi, 1939; Weale, 1953; Rushton & Campbell, 1954). Following adapta- 
tion to intensities which one would not expect to bleach out more than a small 
fraction of the retinal rhodopsin, dark adaptation is quick, and only extends 
over 1 or 2 log,, units. We have no data to show what changes are responsible 
for either the quick or the slow changes in threshold, but the fact that these 
retinal units show as big a drop of threshold during dark adaptation as the 
intact human subject leaves little room for central mechanisms in the explana- 
tion of dark adaptation. 
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Pirenne (1954) pointed out that electrophysiological preparations appear to 
be very insensitive compared to man and other animals when they are tested 
by psychophysical or behavioural methods. This discrepancy was the main 
reason for our interest in the absolute threshold of the units isolated by the 
micro-electrode technique: and it is satisfactory to find that, given sufficient 
care in obtaining a preparation which can be allowed to dark-adapt for 2-3 hr, 
and in which the effects of anaesthetics and poor circulation are avoided, 
thresholds are obtained which are very much lower than any previously 
reported. The smallest quantity of light, delivered in a small short flash, which 
changes the maintained discharge of the most sensitive ganglion cells to an 
extent detectable to the observer, is only two or three times the absolute 
threshold of the average human subject. Though one might expect the cat’s 
eye to have a rather lower threshold than the human, we can safely claim that 
the more sensitive ganglion cells isolated by the micro-electrode technique 
respond to quantities of light of the same order of magnitude as those required 
by intact animals. 

Pirenne (1954) originally made his comparison on the basis of threshold 
intensities rather than threshold quantities of light, and in this case a large 
part of the original discrepancy remains. Even the most sensitive units have 
thresholds about 50 times higher than those found by Gunter (1951), which 
confirm those found by Bridgeman & Smith (1942) and Mead (1942), and the 
difference would be increased if due allowance was made for the fact that these 
training experiments on cats were done using white rather than blue-green 
light. 

There are several possible reasons for disagreement between electro- 
physiological thresholds and the thresholds of intact living cats. (a) The 
retinae of our preparations may not have been as sensitive as the retinae of 
normal cats because of the experimental interference; for instance, section of 
centrifugal fibres (if they exist in the cat) during decerebration may be 
important. (b) The units isolated may not be those with the lowest threshold, 
either because they are not the most sensitive type, or because they are not 
placed in the most sensitive region of the retina. (c) The method of judging 
a change in the maintained activity by listening to the loudspeaker and 
looking at the impulse interval meter trace may be insensitive compared to the 
normal analysis of impulses in the cat’s o.n.s. This problem is discussed in 
another paper (FitzHugh, 1957), but seems unlikely to account for a big dif- 
ference. (d) In electrophysiological experiments the discharge of a single unit 
is observed, whereas the normal living cat may use the discharge of many 
units simultaneously. We think that this factor might make a big difference 
to the threshold. First there is the possibility of ‘probability summation’ 
(Pirenne, 1943, 1951; Van der Velden, 1944; Bouman & Van der Velden, 
1947; Denton & Pirenne, 1952); if a stimulus has only a small chance of firing 
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a given retinal unit, it may still have a large chance of firing at least one unit 
if it falls on a retinal area containing many similar units, or if it is maintained 
for a long duration. The fact that retinal ganglion cells have an irregular 
maintained discharge seems to render this concept in its simple form inapplic- 
able, but such a background ‘noise’ raises the possibility of a more effective 
type of summation. A single fibre might carry to the central nervous system 
‘subthreshold’ alterations in the pattern of its impulses: central summation 
of such subthreshold changes occurring in different fibres, or at successive 
instants of time, might cause some central threshold to be exceeded. If 
thresholds are determined centrally, then more information can be obtained 
from a large number of independently noisy visual communication channels, 
all being affected by the same signal, than from a single one. This factor would 
be most important in the case of large stimulus spots exciting many units and 
maintained for long durations; it is just under these conditions that there is 
the biggest discrepancy between our results for single units and those obtained 
on whole animals. 

The situation can be summarized as follows. The thresholds of the retinal 
ganglion cells isolated by this technique are higher than those of the intact cat, 
but the difference is less than was previously thought, and it might result from 
the intact cat making use of information derived from many ganglion cells. 
This factor will be most important for large area stimuli but, because receptive 
fields overlap each other (Hartline, 1940; Barlow, 1953; Kuffler, 1953), it may 
also have an effect on the threshold for small sizes of stimulus spot. 


SUMMARY 


1. Dark adaptation, Purkinje effect and absolute thresholds have been 
studied by recording from ganglion cells isolated in unopened eyes of decere- 
brate cats. 

2. After strong light adaptation, dark-adaptation curves showed a drop of 
threshold through more than 4 log,, units. 

3. The curves showed rod and cone portions, and all units examined showed 
a large Purkinje effect. 

4. Dark adaptation is much slower than it is in the human; it took up to 
three hours for absolute threshold to be reached. 

5. In the most sensitive units the smallest quantity of light which per- 
ceptibly changed the maintained discharge was equivalent to about 250 quanta 
at 510 mu, measured at the cornea, which is about two or three times the 
human absolute threshold; the average value in eleven units was equivalent to 
1660 quanta, which is roughly 15 times the human value. 

6. The lowest light intensity (using long, large stimuli) which affected the 
maintained discharge was found to be about 500 quanta/sec.degree* in the 
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most sensitive unit, about 1500 quanta/sec.degree* for the average. For the 
human it is 23 quanta/sec .degree® (Denton & Pirenne, 1954). 

7. On- and off-centre units have about the same thresholds, and dark-adapt 
similarly. 

8. Reasons are advanced for expecting the thresholds of these retinal 
ganglion cells to be higher than the threshold of the intact cat. 


We wish to thank Mr R. B. Bosler and Mr A. Goebel for much help in constructing apparatus 
for the purposes of these experiments. This work was supported by a research grant from the 
National Institutes of Health, United States Public Health Service. 
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CHANGE OF ORGANIZATION IN THE RECEPTIVE FIELDS 
OF THE CAT’S RETINA DURING DARK ADAPTATION 


By H. B. BARLOW, R. FITZHUGH ann 8. W. KUFFLER 


From the Wilmer Institute, Johns Hopkins Hospital 
and University, Baltimore, Maryland 


(Received 10 December 1956) 


When the amount of light entering the eye is reduced its performance is 
modified. One aspect of this is the reduction of resolving power which has 
been measured in man in psychophysical experiments (Koenig, 1897, 1903; 
Broca, 1901; Hecht, 1928; Pirenne & Denton, 1952). Another aspect is the 
increased amount of area summation that occurs at low intensities (Lythgoe, 
1940; Craik & Vernon, 1941; Barlow, 1957). These changes in performance 
might result, in part at least, from changes in the nervous pathways in the 
retina. We therefore planned to examine the effect of the level of illumination 
on the spatial distribution of sensitivity in the receptive fields of the large 
type of ganglion cell (Rushton, 1949) isolated in the cat’s retina with micro- 
electrodes of the kind used by Granit & Svaetichin (1939). 

The receptive field of a retinal unit is the area of the retina from which 
responses can be elicited by light, but the borders are not accurately defined 
because the area is extended if the intensity of the light used to test for a 
response is increased (Hartline, 1940; Kuffler, 1953; Barlow, 1953). Kuffler 
also showed that, if the intensity of the test spot is kept constant, the intensity 
of the background has an effect; the receptive fields expand if this is decreased 
and shrink if this is raised. The size of the receptive fields thus appears to 
depend on the relative intensity of test spot to background light. In contrast, 
the changes in psychophysical performance referred to seem to depend on the 
absolute intensity of light entering the eye; for instance, one of us has shown 
that lowering the intensity of an adapting background field increases the 
amount of spatial summation that occurs when test stimuli are superimposed 
upon it (Barlow, 1957). We therefore set out to compare the sizes of the 
receptive fields and their organization in light-adapted retinae and in retinae 
which had dark-adapted to a steady threshold. As reported elsewhere (Barlow, 
FitzHugh & Kuffler, 1957), this may take three hours, and many of the 
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preparations used in the dark-adaptation experiments were also used in the 
present investigation. 

In the light-adapted cat Kuffler (1953) has shown that the receptive fields 
are often arranged so that the central region and the annular surrounding zone 
are mutually antagonistic, and evoke discharges at the opposite phase of a 
light stimulus. Thus, in an ‘on-centre’ unit, light falling in the centre of the 
receptive fields causes a discharge at ‘on’, and usually inhibits at ‘off’; light 
falling in the surround usually inhibits at ‘on’ and excites at ‘off’. In the 
experiments described here we found that removing the background light and 
allowing dark adaptation simplified the organization. The characteristic effects 
of stimulating the surround during light adaptation dropped out, so that the 
receptive fields appeared smaller, and gave the same discharge throughout 
their extent. This change might be thought to conflict with the increased 
spatial summation found in the psychophysical experiments, but this is not 
so, because the peripheral zone of the receptive field which is lost after dark 
adaptation does not augment discharges evoked from the centre, but rather 
tends to inhibit them. 

METHODS 

A complete description of the apparatus, preparation and calibrations has been 
Talbot & Kuffler (1952), Kuffler, FiteHugh & Barlow (1957) and Barlow et al. (1957). Ether- 
decerebrate cats with ITI, IV, V and VI nerves divided were used, since these gave stable prepara- 
tions in which it was possible to hold single units for several hours through the time required for 
dark adaptation. Single units were isolated in the intact eye by 10-15, micro-electrodes placed 
on the vitreal surface of the retina, and action potentials were displayed and recorded with 
conventional electrophysiological apparatus, and an impulse interval meter (MacNichol & Jacob, 
1955). The multibeam ophthalmoscope required a minor addition which enabled a light stimulus 
to be distributed in an annular zone surrounding the central region of the receptive fields. This 
consisted of a glass plate with a central opaque spot which could be placed in the same position 
as the range of holes of different sizes; these were all in a plane parfocal with the retina. 

Thresholds were defined as the weakest stimulus intensity which caused a perceptible change 
in the maintained discharge (which was constantly present in healthy preparations; Kuffler et al. 
1957) of the unite in at least 50% of trials, the ‘perceptible change’ being judged by the 
experimenter. Whenever possible repeat determinations of threshold were made, and if a series 
of thresholds was being measured, the repeat series was done in reverse order. 


RESULTS 

The changed effect of peripheral stimulations after dark adaptation 
The first method of investigation was to determine the threshold of the 
preparation to spots of different sizes, all concentric, and centred as closely 
as possible on the centre of the receptive field. This has previously been used 
to show summation within the receptive field and inhibition from the surround 
in single units of the frog’s retina (Barlow, 1953), and it was hoped that it 
would give useful information about the over-all pattern of organization and 
distribution of sensitivity within the receptive fields in the dark- and light- 
adapted state. 
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Fig. 1 shows the results of such an experiment on an off-centre unit. First 
the unit was dark-adapted to a steady threshold, which took 90 min. Then the 
threshold for the range of spot sizes was measured using a 7 msec flash 
(curve c); as the spot size increased the threshold fell with a slope almost that 
predicted by Ricco’s Law of area summation (product of stimulus intensity 
and illuminated area is constant for constant response—broken line in figure). 
Although the curve flattened out appreciably for the larger areas, there was 
still some drop in threshold out to a spot diameter of 1-5 mm (6-7°). This 

ure was repeated with the longer flash duration of 380 msec, but this 
curve (d) showed no drop in threshold beyond 1 mm (4:4°) diameter, and in 


Flash duration (msec) 


0 fic, 


i 
025 0-5 10 20 3-0 
Spot diameter (mm, log. scale) 
Fig. 1. Change of threshold intensity for off-centre unit as diameter of the white stimulating spot 
is changed, using two different flash durations as indicated. Curves a, b were made with 


a blue-green background which gave a retinal illumination of 0-08 f.c.; curves c,d, with no 
background. Broken line has the slope predicted by Ricco’s Law of area summation. 
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fact there is a hint that the threshold rose slightly when the more peripheral 
parts of the receptive field were included. Subsequently a blue-green back- 
ground light of 0-08 f.c. was shone on the retina, and after allowing a few 
minutes for light adaptation, curve ‘a’ was obtained with 7 msec flash 
duration, and curve ‘b’ with 380 msec duration. These. curves show con- 
siderable summation up to 1 mm (4-4°) spot diameter, but thereafter the 
threshold intensity rose as the spot size was increased. The rise was small in 
the case of the brief stimulus, whereas it was pronounced for long duration 
stimuli. When the background intensity was raised still further to 46 f.c., the 
curve for the long duration flash (not shown here) rose even more steeply when 
the peripheral region of the receptive field was included. These results were 
typical of several ganglion cells, and occurred with on-centre as well as 
off-centre units. 

The interpretation of the increase in threshold intensity which occurs when 
the stimulus spot exceeds a certain size is, presumably, the same here as for 
_ the similar curves obtained on ‘on-off’ units in the frog’s retina (Barlow, 1953); 
the outlying regions antagonize the central region, and the threshold therefore 
rises when these are included. It is already known (Kuffler, 1953) that such 
antagonism exists in the light-adapted cat’s retina, so curve ‘b’ was as 
predicted. With zero background there was little change in threshold as the 
spot diameter was increased above 1 mm (curve d), which suggests that this 
antagonism does not occur in the dark-adapted retina. Moreover, the diameter 
of the whole receptive field appears to be smaller in the dark- than in the light- 
adapted state. Finally, curves ‘a’ and ‘c’ show that this antagonism fails to 
develop as fully with brief flashes as with longer ones. 

In the experiment of Fig. 1 the stimulus intensity was varied so as to keep 
the response constant, i.e. threshold. Instead, the stimulus intensity may be 
kept constant, and the varying response to different sizes of stimulus observed. 
For instance, if a small spot (0-1-0-2 mm diameter) was centred on the 
receptive field of a dark-adapted off-centre unit, it produced, at an intensity 
near threshold, a decrease in thedischarge frequency during the flash and a small 
off burst following it. These effects, the suppression of the maintained dis- 
charge and the off burst, increased with increasing spot diameters up to about 
1 mm, but a further increase in diameter made no additional changes to the 
response. If the experiment was done on a light-adapted unit, the threshold 
intensity for the smallest spot was greater, as expected, but the responses were 
similar to those in the dark-adapted units up to spot diameters of about 
0-5 mm. With larger spot diameters the response was significantly and con- 
sistently different. Instead of suppressing the maintained discharge, the flash 
(in a typical off-centre unit) actually increased the activity; this was attributed 
to the ‘on’ discharge elicited from the periphery of the receptive field. The 
off burst following the flash was also diminished as the inhibitory action of the 
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periphery at ‘off’ revealed itself. Such an experiment confirms that the 
antagonism of centre and surround exists only in light-adapted retinal units. 
In dark-adapted units, stimuli of moderate intensity only elicit the response 
characteristic of the centre. 


Reversal of discharge 

A spectacular demonstration of this change in organization of the receptive 
field is obtained by using a stimulus light which falls near the edge of the 
dark-adapted receptive field. In the dark-adapted state this stimulus elicits 
a discharge at the same phase of illumination as one falling on the centre— 
at ‘on’ in an on-centre unit and at ‘off’ in an off-centre unit. Upon light 
adaptation a similarly placed stimulus may produce the opposite effects, 
giving ‘off’ discharges and inhibition at ‘on’ in an on-centre unit, and ‘on’ 
discharges with inhibition at ‘off’ in an off-centre unit; furthermore, these 
responses may occur when the stimulus intensity, though stronger than that 
required in the dark, is not much higher than that required to excite the centre 
of the light-adapted receptive field. 

This kind of result appears to show that some parts of the receptive field 
actually reverse their contribution to the ganglion cell upon light adaptation, 
but our observations are not exact enough to prove that this is really so. For 
reasons given in the discussion we suspect that the regions which give the 
reversed contribution after light adaptation lie outside the dark-adapted 
receptive field; if this is correct, the type of result described above would occur 
when the stimulus spreads over regions lying both inside and outside the dark- 
adapted receptive field. 


Duplicity theory and the change in organization 

It was natural to suppose that the change in the action of the peripheral 
zone of the receptive field during dark adaptation was associated with rods 
taking over from cones. Thus it might be suggested that the cones are con- 
nected to the ganglion cell in such a way that those at the periphery of the 
receptive fields inhibit the actions of those at the centre, causing ‘off’ dis- 
charges if the latter cause ‘on’ discharges, and vice versa, whereas rods are 
only connected like the central cones. Some evidence against such a hypo- 
thesis can be obtained from the dark-adaptation curves of Figs. 2 and 3. Thus 
in Fig. 2 curves (a) and (b) show the progressive drop in threshold to a blue- 
green (a) and a red-orange (b) central stimulus spot. Between 50 and 80 min 
the blue-green threshold was dropping much faster than the red-orange 
because, according to the duplicity theory, rods were taking over from cones, 
and rods are less sensitive to red-orange light relative to blue-green light than 
are cones. On looking at the lower set of curves for which annular stimuli of 
the two colours were used, it will be seen that the rapid drop in blue-green 
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threshold occurs at the same time; there is a period from 80 to 120 min during 
which the annulus gave ‘off’ responses in this on-centre unit, yet during this 
period the relative thresholds to red-orange and blue-green light show that the 
rods, not the cones, caused the response. This obviously contradicts the hypo- 
thesis that the mutual antagonism of the centre and surround is charac- 
teristic of the connexions made by cones exclusively, and this is borne out by 
examination of Fig. 3. Looking at the top pair of curves, for central stimula- 
tion, the relative values of the threshold to red-orange and blue-green stimuli 


50 100 
Time (min) 
Fig. 2. Thresholds of an on-centre unit to flashes of blue-green (Wratten 75), ---, and red 


(Wratten 29), —, light during dark adaptation; flash duration 380 msec. Stimulus lights are 
focused on the hatched areas in the inset diagram. Curves a, b, made with 0-5 mm diam. 
spot; curves o, d, e, f, with annulus of internal diam. 1-25 mm: @, thresholds for ‘on’ 
responses; ©, thresholds for ‘off’ responses. Previous light adaptation, 25 min at 40 f.c. 
retinal illumination (uncorrected for losses in the eye). 


show that cones were mainly responsible for the discharge early in light adapta- 
tion, and the rods took over between 10 and 30 min from the start. The same 
is true of the bottom pair of curves, which show the thresholds to a stimulus 
spot covering the whole of the receptive field, but the switch from cones to 
rods occurred somewhat earlier. The central pair of curves show the threshold 
for eliciting an ‘ off’ response in this on-centre unit by stimulating the whole of 
the receptive field, and it will be seen that the threshold for blue-green light 
was lower, indicating that the antagonistic type of response was dominated 
by rods, even early in dark adaptation. We are uncertain why the rods 


took over from the cones at different times in different parts of the receptive 
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field, but it is possible that the light adaptation was less strong in the 

The experiments of Figs. 2 and 3 establish that the change in organization 

of the receptive field need not occur at the same time as the change from cones 

to rods; these experiments contain additional information which will be con- 

sidered later in connexion with the time of occurrence of the change in 


5 _ 
Small spot 
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1mm 
4 c 
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2+ bof 
Large spot 
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/ 
Fig. 3. Thresholds of an on-centre unit to flashes of blue-green (curves a, d, e) and red (curves 


b, c, f) light during dark adaptation; flash duration 380 msec. Curves a, b, made with 0-5 mm 
diam. stimulus spot; curves c, d, e, f, with 3-0 mm diam. spot; conventions as Fig. 2. Previous 
light adaptation, 80 min at 5 f.c. retinal illumination. 


organization. The fact that the organization of the receptive field is not 
simply dependent on the type of receptor which is active is indicated by another 
experiment which will be considered next. 

The principle of this experiment was to determine area-threshold curves of 
the type shown in Fig. 1 using blue-green and red-orange light in the hope that 
these would stimulate rods and cones respectively, and thus show up the over- 
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all pattern of connexions made by them. The results are shown in Fig. 4. The 
top pair of curves (a and b) were obtained against a background intensity of 
4-2 f.c., and both show the rising tail indicating inhibition from the outlying 
parts of the receptive field. The bottom pair was done after complete dark 
adaptation, and they both show the flat tail. It will also be seen that the 
Purkinje shift had occurred, for the threshold to red-orange light is lower for 
the top pair, whereas the blue-green threshold is lower for the pair done 
against zero background after dark adaptation. It would be possible to argue 
that the blue-green stimulus as well as the red-orange stimulus excited cones 
in the light-adapted state, and likewise that both colours excited only rods 
in the dark-adapted state; the top pair and the bottom pair of curves are 


Log. relative threshold 
Background illumination (f.c.) 


0-125 0-25 0:5 1-0 20 3-0 


Spot diameter (mm, log. scale) 


Fig. 4. Area-threshold curves for an off-centre unit made with a white background light (retinal 
illuminations listed on the right), and with blue-green and red stimulus lights, showing that 
lateral inhibition does not depend on the colour of the stimulus. Flash duration 380 msec. 
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therefore still consistent with the hypothesis that the change in organization 
of the receptive field fs due to the change in the type of receptor which is 
active. For the middle pair of curves the intensity of the background was 
adjusted so that the curves for blue-green and red-orange stimuli occupied 
positions relative to each other which were intermediate between that of the top 
pair and that of the bottom pair. The Purkinje shift was therefore half 
complete, and under these conditions there can be little doubt that the blue- 
green stimulus, superimposed on the white background, will add to the excita- 
tion of rods principally, and the red-orange to the excitation of cones principally, 
yet the area threshold curves are only slightly different. 

One other experiment of this kind was successfully completed, giving a 
similar result. Taking these together with the results of dark adaptation 
experiments of the type shown in Figs. 2 and 3, one can say with reasonable 
certainty that the different organization of the receptive field found in dark- 
and light-adapted retinae does not depend upon a difference in the connexions 
made by rods and cones. . 


Time of occurrence of the change in organization 

Fig. 2 has been considered up to the point at which rods take over from 
cones, as indicated by the blue-green threshold suddenly dropping much 
further than the red-orange threshold. This change was complete by 80 min. 
A further change took place at about 120 min when the ‘off’ threshold to the 
annulus rose, and at about the same moment it became possible (for the first 
time) to elicit ‘on’ responses with the annular stimulus (curves ‘e’ and ‘f’). 
The rise in threshold for the ‘off’ response with the annular stimulus pre- 
sumably results from the dropping out of the antagonistic response in the 
periphery, which was the explanation offered for the results of the area- 
threshold experiments. The appearance of the ‘on’ discharge on annular 
stimulation might result from scattered light falling on the central zone, or 
from the annular stimulus actually overlapping this zone. Reference to Fig. 5 
may make it easier to follow our suggested explanation for these changes. 

The changes shown in Fig. 3 can be explained in the same way. Rods had 
taken over from cones by 30 min, and at about 50 min the antagonistic 
discharge of the periphery disappeared. ‘Off’ responses could then no longer 
be obtained by stimulating with the large stimulus spot. Between 40 and 
50 min there was a large drop in on-threshold which presumably resulted from 
the cessation of inhibition at ‘on’ from the annular zone. 

In both the above experiments the change in organization only occurred 
after the preparation had been in the dazk for a long time. It would, however, 
be incorrect to suppose that the change always took as long as this to develop. 
It was sometimes noticed that the organization was changed almost as soon 
as one could test for it after putting the preparation in the dark. This seemed 
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to be the case when the preparation had not been strongly light-adapted, and 
the dark adaptation was consequently rapid. Such observations on the time 
of the change were incidental rather than systematic, but they seem to show 
that the antagonistic action of the peripheral zone of the light-adapted 
receptive field drops out rather abruptly at a moment near the end of dark 
adaptation. 


DISCUSSION 

The first point to be discussed is the nature of the changes in retinal organiza- 
tion during dark adaptation that the present results establish, and their 
relation to previous electrophysiological work. Secondly, there are some 
comments to be made about the possible mechanisms mediating these changes. 
The third point is the extent to which the changes found provide answers to 
the psychophysical problems which instigated this work. Lastly, the results 
lead to some speculations about the relation between receptive field organiza- 
tion and simultaneous contrast. The discussion is therefore divided into these 
four sections. 


P Nature of the change in organization 

When we were doing these experiments we used to refer to the change that 
occurs upon dark adaptation as the ‘reversal’ in contribution of the peripheral 
zone of the receptive field. A patch of light which gives an ‘on’ discharge in 
a light-adapted off-centre unit may give an ‘off’ discharge after dark adapta- 
tion, and this is perhaps the most dramatic way in which the change reveals 
itself. The area threshold curves, however, show up the change in a more 
quantitative manner, and a careful inspection of them shows that to speak of 
it as a ‘reversal’ is rather misleading. In both Figs. 1 and 4, and in other similar 
experiments, the inhibitory action of the annular region surrounding the centre 
is shown by the rise in threshold when this is included in the stimulus by 
enlarging the spot from, say, 1 to 2mm diameter. Now this pronounced 
inhibition in the light-adapted condition results from the inclusion of a region 
which causes, at most, only a slight change in threshold after complete dark 
adaptation. It may therefore be more accurate to speak of the change brought 
about by light adaptation as a growth of the antagonistic response from the 
region surrounding the dark-adapted receptive field, rather than as a ‘reversal’ 
of the response from this region. This explanation fits in with the changes of 
threshold during dark adaptation for stimulation with a small central spot, — 
a large spot, and an annulus (Figs. 2, 3), and it can also be applied to the results 
of Donner & Wilmer (1950) who studied the discharge from single units in the 
cat’s retina when the intensity of the stimulus was varied; their stimulus 
covered the whole of the receptive field, and they found a simplified type 
of discharge at low intensities which could be attributed to the discharge 
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characteristic of the surround dropping out when their stimuli were very 
weak. 

Fig. 5 is a diagram showing how we think the receptive field of an on-centre 
unit is organized in the light- and dark-adapted states. On the left is the field 
from which ‘on’ discharges can be elicited in the dark-adapted state; upon 
light adaptation a surrounding region from which ‘off’ responses appear is 
added, as shown to the right. The edge then gives ‘off’ discharges, an inter- 
mediate zone gives ‘on’ and ‘off’, and a central region gives only ‘on’ dis- 
charges. Thus the receptive field actually seems to be larger in light adaptation 
than in dark adaptation, but instead of being simple with all regions yielding 
the same response, it becomes complex with mutually antagonistic regions 
giving opposing responses, as described by Kuffler (1953). It should be 
pointed out that in several respects this diagram goes beyond what is firmly 
established: for example, the outer limits to the receptive fields are based on 
area threshold curves rather than direct exploration, and it is uncertain how 
much the ‘off’ zone that is present after light adaptation overlaps the central 


‘on’ region. 


Dark-adapted 


Light-adapted 
Fig. 5. Suggested organization of the receptive field of an on-centre unit in the dark- and light- 


adapted states. ‘On’ or ‘off’ responses to a long flash are obtained when the stimulus falls 
in the correspondingly labelled regions of the field. The positions of the limits to these regions 
have been inferred from area-threshold curves and have not been determined directly. 


The difference between the dark- and light-adapted area-threshold curves 
of these units in the cat’s retina is remarkably similar to the difference between 
curves obtained from ‘off’ and ‘on-off’ units in the frog’s retina (Barlow, 1953). 
Complete dark adaptation may take at least as long in the frog as it does in the 
cat, so that a change of discharge type on dark-adapting might easily have 
been missed. Hartline (1938) evidently thought that the discharge produced 
by a ganglion cell was a fixed characteristic of that cell, but the present results 
suggest that this may also have to be reconsidered. 

The comparison with the frog is interesting in another way. In the cat, if 
light falling in a particular part of the receptive field excites a discharge at 

‘on’, inhibition will often occur at ‘off’. This could show up by the reduction 
of the maintained discharge, by the reduction of a discharge evoked by 
stimulation elsewhere in the receptive field, or by the raising of the threshold 
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to excitation elsewhere in the receptive field. Similarly, if inhibition occurs at 
‘on’, excitation will often occur at ‘off’. The arrangement is different in the 
frog, for here both ‘on’ and ‘off’ discharges can be obtained from the centre 
_ of the receptive field, and the surrounding region, which may inhibit both 
types of discharge, is often incapable of evoking any discharge at all. The 
common feature of the arrangements in cat and frog is that parts of the retina 
laterally displaced from a part under consideration have an inhibitory action 
on discharge evoked from that part. In the cat this works both ways: the 
peripheral annular zone, which is laterally displaced from the centre, 
antagonizes or inhibits a discharge evoked from it; and the centre, which is 
laterally displaced from the surrounding regions, also inhibits discharges 
evoked from these regions. In the frog one can only show the inhibitory 
action of surround on centre, because the surround evokes no discharge. In 
both cases it is true that if light falls on the surrounding retina together with 
a particular central region, then the discharge expected from this region is 
diminished. Lateral inhibition therefore seems to be an appropriate term to 
use, though in grouping together these phenomena (and perhaps also the 
inhibitory action of adjacent ommatidia in Limulus shown by Hartline, 1949, 
and Hartline, Wagner & Ratcliff, 1956) one must bear in mind that there are 
species differences. 
Mechanism of lateral inhibition 

It might conceivably be possible to identify the structures responsible for 
lateral inhibition, and it is therefore worth while listing the properties of this 
pathway, drawing a contrast between it and the ‘direct’ pathway which, it is 
assumed, is followed by the activity resulting from stimulation of the centre 
of the receptive field. 


(a) It must conduct laterally up to at least 1 mm. 

(6) In the cat the pathway often has a ‘two-way’ action; if an increase in the 
light falling in the annular zone inhibits the discharge of the ganglion 
cell, a decrease in the light will excite, and if an increase excites, a 
decrease will inhibit. A pathway can only have such a ‘two-way action’ 
if it carries a maintained discharge which can be either increased or 
decreased, but it is of course possible that there are separate pathways 
conveying inhibitory and excitatory effects from the surround. 

(c) Our experiments showed that lateral inhibition could occur when rods 
alone, or cones alone, were active; therefore the pathway connects with 
both, probably in the same way as the direct: pathway. 

(d) The pathway is not active after prolonged dark-adaptation; it then 
appears to have a higher ‘threshold’ than the direct pathway. 

(e) The inhibition does not show up if excitatory and inhibitory regions are 
excited synchronously with brief flashes; possibly it has a greater latency 
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or summation time than the direct pathway. This fact, together with 
(b) and (d) above, would be explained if the pathway took a long time to 
build up its full activity (slow recruitment), and if it had a very prolonged 
after-discharge—that is if it had the properties Sherrington described as 
‘inertia’ and ‘momentum’. 

Cajal’s (1894) and Polyak’s (1941) work shows that there is a bewildering 
variety of structures which might possibly mediate lateral inhibition, but this 
list of properties can at least be used to eliminate some of them. For example, 
lateral inhibition might result from receptors inhibiting their neighbours, but 
it is most unlikely that axons from receptors extend as far as 1 mm laterally. 
Another hypothesis, which fits many of the féquirements, is that lateral 
inhibition results from the inhibitory action of recurrent collaterals from 
neighbouring ganglion cells (if they are present in the cat’s retina); this fails 
to account for the change of organization on dark-adapting, for the discharge 
of ganglion cells (at least of the type here isolated) is not greatly changed by 
the absolute level of illumination, so that the action of inhibitory collaterals 
should also remain unchanged. It is naturally tempting to pick on the hori- 
zontal or amacrine cells, since they appear to conduct laterally and have not 
had any other function assigned to them, but there are many varieties of 
bipolar cell, and the evidence is insufficient to decide between such possibilities. 


Psychophysical aspects 

Psychophysical experiments led to the expectation of a change in retinal 
organization in dark adaptation. To what extent do the changes described 
conform to these expectations? The first set of relevant data are those showing 
a change of acuity with level of illumination (see, for example, Koenig, 1897; 
Broca, 1901; Hecht, 1928; Pirenne & Denton, 1952). The slight decrease in 
the size of the central, summating, region of the receptive field that is shown 
in Figs. 1 and 4, and illustrated diagrammatically in Fig. 5, does not seem 
nearly big enough to account for the whole of the improvement in acuity which 
occurs when the amount of light entering the eye is increased. It is in any 
case difficult to believe that units with a receptive field covering almost 5° of 
the visual field are responsible for the optimum acuity of a cat’s vision at high 
intensities ; it seems likely that there are smaller units which come in at higher 
intensities, as Pirenne & Denton (1952) suggested. Nevertheless, the lateral 
inhibition which develops at higher intensities may be one of the mechanisnis 
which enable full use to be made of the information contained in the light 
absorbed in the retina; it seems admirably ‘suited to preserve information 
about small differences in illumination between neighbouring regions of the 
visual field, and this is just the task which Rose (1948) claimed that the visual 


mechanisms could perform almost to the limit set by the quantal fluctuations 
in the light absorbed. 
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An increase in the area of a test stimulus results in a bigger drop in the 
threshold intensity in a dark-adapted eye than in a light-adapted eye (Lythgoe, 
1940; Craik & Vernon, 1941; Barlow, 1957). This led to the idea that the 
retinal summation area was bigger in dark adaptation, which was attributed 
to increased interconnexion between receptors (Broca, 1901; Lythgoe, 1940), 
but the present experiments show that in these retinal units in the cat the 
most pronounced change on dark-adapting is the disappearance of lateral 
inhibition. Broca and Lythgoe correctly foresaw a change in retinal organiza- 
tion, but their suggestion appears to be doubly wrong in detail; there is a 
decrease, not an increase, in the amount of retinal interconnexion at low 
intensities, and the interconnexion which diminishes is of an inhibitory, not 
an excitatory, type. 

Lateral inhibition and simultaneous contrast 

Johannes Miller believed that simultaneous contrast was caused by the 
reciprocal action of adjacent retinal areas, and this view was strongly upheld 
by Hering in opposition to Helmholtz’s explanation in psychological terms (see 
Rivers, 1900). The following explanation of brightness contrast seems to 
vindicate Miiller and Hering, but there is not yet any evidence for a similar 
mechanism for mediating colour contrast. 

The subjectively experienced degree of ‘whiteness’ or ‘blackness’ of a part 
of the visual field depends not only on the intensity of illumination of that 
particular part, but also on whether it is more or less intensely illuminated 
than the neighbouring regions. Similarly, the intensity of discharge in a 
particular unit depends not only on the intensity of light falling in the central 
region of its receptive field, but also on the intensity falling in the annular 
surrounding zone. It is natural to suggest that these two facts are related, and 
that lateral inhibition is the mechanism which mediates simultaneous contrast, 
but this would involve two further assumptions. The first is that a raised 
impulse frequency in an ‘on-centre’ fibre gives rise to the sensation of 
‘whiteness’, and in an ‘off-centre’ fibre to the sensation of ‘blackness’; 
possibly a decreased frequency causes the opposite sensations, but this is not 
necessary to the argument. The second assumption is that these sensations 
are referred to a point in the visual field corresponding to the central region 
of the receptive field, and are not referred to the annular surrounding zone 
even if the physical stimulus which gave rise to the impulses affected the 
surround. Thus if the intensity of illumination of the whole of a region of the 
visual field except for a small dot is suddenly increased, then one knows that 
extra impulses will arise in an off-centre unit which is centred on the dot; the 
correspor...--, axperience is the sensation of blackness, which is, of course, 
referred to the region of the dot, though it results from stimulation of the sur- 


rounding parts of the retina. 
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_ This explanation seems to hold together, and there are two corollaries. The 

first is that simultaneous contrast should be reduced at very low intensities 
since lateral inhibition does not occur after complete dark adaptation. The 
second is that simultaneous contrast should be reduced when brief exposures 
are used, since lateral inhibition is less pronounced under these conditions. 
Both these predictions seem open to experimental testing. There is, however, 
no need to suppose that it is the only mechanism mediating simultaneous 
contrast, and Asher’s (1953) experiments on binocular fusion suggest that there 
is also a central mechanism. 

SUMMARY 

1. The change of organization of the receptive field which occurs during 
dark adaptation has been studied in single units isolated in the intact eye of 
the decerebrate cat. 

2. The least intensity that disturbs the resting discharge has been deter- 
mined for stimulation by a range of concentric light spots of varying diameter 
centred on the receptive field of the isolated unit, and of 0-38 sec duration. 
Log. threshold intensies plotted against log. areas give area-threshold curves 
which show the over-all distribution of sensitivity in the receptive fields. 

3. In the dark-adapted state the threshold decreases as the spot size is 
increased up to about 1 mm diameter; there is little change in threshold 
intensity when the spot size is further increased. 

4. In the light-adapted state the threshold decreases as the spot size is 
increased up to about 1 mm diameter as in dark adaptation, but further 
increase of spot size up to about 2 mm diameter causes a marked ihcrease of 
threshold intensity. The rise of threshold is attributed to the inhibitory action 
of the annular zone surrounding a ganglion cell, and it is concluded that this 
inhibitory action disappears after dark adaptation. 

5. Area-threshold curves obtained with stimuli of 7 msec duration show 
less rise in threshold at large spot diameters. 

6. In the dark-adapted state pure ‘on’ and ‘off’ units are found; these give 
discharges only at ‘on’ or only at ‘off’, and inhibition of the resting discharge 
at the opposite phase of the stimulus, wherever they are stimulated in their 
receptive fields. Upon light adaptation the opposite type of discharge can be 
elicited from an annular zone surrounding the dark-adapted receptive field, 
so that the units acquire a duplex character; ‘on’ units become ‘on-centre 
with off-surround’; ‘off’ units become ‘off-centre with on-surround’. The 
surround which produces the opposite type of discharge is responsible for the 
inhibition shown up in the area-threshold curves. 

7. The change in organization occurs when dark adaptation is nearly 
complete; it is not simultaneous with the Purkinje shift. 

8. Area-threshold curves obtained with red and blue coloured stimuli run 
roughly parallel to each other when done under. photopic conditions against 
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a strong background, when done under scotopic conditions with no background, 
and when both rods and cones are active at intermediate intensities of 
background. 

9. Itis concluded that the different organization of dark- and light-adapted 
receptive fields does not result from different connexions made by rods and 
cones. 

10. The relation between these findings and previous work on vision is 
discussed, and it is suggested that simultaneous contrast effects may result 
from the inhibitory action of laterally displaced parts of the retina, and that 
the increased area summation after dark adaptation may result from the 
disappearance of such lateral inhibition. 


This work was supported by a research grant from the National Institutes of Health, United 
States Public Health Service. We wish to thank Mr R. B. Bosler and Mr A. Goebel for much 
technical assistance. 
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PITCH DEPENDENCE ON INTENSITY IN UNILATERAL 
DEAFNESS WITH RECRUITMENT OF LOUDNESS 
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Now that it is known to be abnormal for the pitch of a pure tone above 1000 c/s 
to depend on intensity (Strange, 1955, 1956) it becomes important to know 
more about those types of deafness which accompany this pitch defect; 
especially with regard to the abnormally large gain in loudness for a given 
increase in intensity which is known as recruitment of loudness. The technique 
of alternate binaural loudness balance (Fowler, 1936) is a sensitive way of 
exploring the loudness function of a deaf ear, but it can only be used when the 
subject has good hearing in the other ear. The author has studied a group of 
such subjects, and, in the course of extended tests, has examined the pitch- 
intensity dependence for each ear separately, and has performed loudness 
balance tests as between the two ears. This paper is concerned with these 


experiments. 
METHODS 

The apparatus was designed to produce two pure tones each lasting for 1 sec in quick succession, 
the next pair of tones following after an interval of 1-5-2 sec. The tones were produced by a pair of 
Hewlett-Packard 205 A.G. oscillators, and were independently controlled in frequency and 
intensity. The two tones could be led to a single earphone, in which case the apparatus was exactly 
as described before (Strange, 1955, 1956), or else it was possible to lead the first tone of each pair to 
one earphone of a matched 4026A S.T. and C. head set, and the second tone to the other. The same 
Amplivox audiometer was used as before. 

The subjects each possessed one ear with very much better hearing than the other, and were 
selected on the basis of the air conduction threshold audiogram. The only thing in common 
between the defective ears of the various subjects was irregularity of the threshold audiogram, not 
its shape. Only one of these subjects had previous experience of the pitch tests, H.C.W. (Strange, 
1956). One subject, V.P., was a woman. 

Technique. Pitch tests were carried out as described before (Strange, 1955, 1956) always using a 
single earphone and testing one ear at a time. Frequencies between 125 and 6000 c/s were 
examined as follows, The subject heard a series of pairs of pure tones in one ear, and his task was to 
record a forced-choice comparison of the pitch of the second tone of each pair with the pitch of the 
sta ndard first tone. This procedure is sometimes called the method of constant stimuli, and by 
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this method frequencies of the second tone may be found which, at different intensities, have the 
same pitch as the standard tone. Points representing these tones may be plotted on a diagram of 
frequency against intensity. If the pitch is independent of intensity, they will all lie on a line of 
constant frequency. The slope of a straight line fitted to the points is thus a measure of the degree 
of dependence of pitch on intensity (Strange, 1955). 

By testing the subject in each ear separately, the dependence of pitch on intensity could be 
compared for ears with different audiograms. Since each subject had one nearly normal ear, it was 
possible to do the alternate binaural loudness balance test (Fowler, 1936) and so to discover the 
degree of recruitment of loudness in the worse ear. The loudness balance tests were done after the 
pitch tests were complete, to avoid confusion between the two tasks. The apparatus was adapted 
to present the first tone to one earphone, on the worse ear, and the second tone to the other ear- 
phone on the better ear, so that the subject heard pairs of tones of the same frequency, of which the 
second tone varied in intensity. The subject was asked to compare the loudness of each pair of 
tones, and to say whether the second tone sounded ‘louder’, ‘softer’, or ‘equally loud’. 

The intensities with which tones must be presented to the two ears, in order to sound equally 
loud, give the co-ordinates of points on the solid line of the Fowler diagrams of Fig. 2. The threshold 
of hearing of the better ear is taken as zero intensity. 

If the two ears were identical, of course, all the loudness balance points would lie on the dotted 
line symmetrically between the axes. In a case of complete recruitment of loudness, the threshold 
of hearing of the one ear is defective, but the same high intensity sounds as loud in the deaf ear as 
it does in the good ear. The solid line in the Fowler diagram will then meet and follow the dotted 
line, at high intensities. If there is no recruitment, the solid line will run parallel to the dotted line, 
displaced from it by the amount of the threshold defect. 

To give a single figure as an index of the degree of recruitment of loudness, a straight line was 
fitted to the set of loudness balance results at each frequency, and the reciprocal of its calculated 
slope taken as the recruitment index. This index is shown in Fig. 3, the pointe being joined by 
broken lines. Values less than 1 indicate recruitment of loudness. For each subject, the difference 


between the threshold of hearing of the two ears was found during the loudness balance tests, using 


the same apparatus. This difference is also shown in Fig. 3, joined by solid lines. The two graphs on 
Fig. 3 are on such a scale that a recruitment index 1 corresponds to no difference between the ears, 
and recruitment index 0-5 corresponds to a threshold difference of 50 db. The two graphs should lie 
close together if recruitment of loudness is complete by 100 db above zero. The method of calcula- 
tion, because of the curvature of the loudness balance lines on the Fowler diagram, tends to make 
the recruitment index too small, rather than too near unity. 


RESULTS 
The results of pitch tests on both ears of six subjects are shown in Fig. 1. The 
two diagrams for a particular subject are side by side, that for the better ear 
being on the left. At the top of each diagram is the threshold audiogram, with 
circles, and the lower graph, with solid points, gives the slope of the lines of 
constant pitch plotted against the frequency of each standard tone. 

These diagrams are similar to those presented before (Strange, 1955, fig. 3, 
and Strange, 1956, fig. 2), but this time frequencies below 1000 c/s are included. 
As before, the unit of slope is 10-* octaves per decibel, which means that one 
unit on the ordinate scale corresponds to a slope of 1/10 octave in 100 db. The 
slope is taken as positive when the pitch becomes higher as the intensity 
increases, 

The pitch change was always more marked for the ear with the irregular 
audiogram than for the better ear. This holds true where there is pitch- 
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dependence on intensity at frequencies below 1000 c/s. All such pitch changes 
at low frequencies, found so far, have been of negative slope, i.e. the pitch 
becomes lower with increasing intensity (see Morgan, Garner & Galambos, 
1951). 

Both E.N. (L) and K.F. (L) have a range of frequencies, around 3000 c/s, 
where the slope is negative. Previously, a range of negative values of slope at 
such a high frequency has only been found associated with a dip in the audio- 
gram at about the same frequency. The ‘4000 c/s dip’ is often caused by a 
traumatic injury, so it is not unexpected to find similar results in the pitch 
tests from K.F., who dates his deafness from a severe blow on the side of the 
head. 

E.N. (L), however, has an ‘island’ of hearing at about 3000 c/s, and his audio- 
gram bears a superficial resemblance to that of J.K. (R) yet the slope in the 
latter case is large and positive, the opposite of E.N. There is a small dip in the 
audiogram of E.N. (R), this subject’s better ear, which suggests a possible 
traumatic injury, perhaps contributing to the unusual audiogram of his left ear 
as well. 

_ Fig. 2 shows detailed results of the loudness balance tests for one subject, 

H.C.W., using the method of presentation of Fowler (1936). Each solid line is 
drawn through a series of points whose co-ordinates represent the relative 
intensities with which the same frequency must be presented to each ear in 
turn, in order to sound equally loud. Inspection shows that recruitment of 
loudness is almost complete at frequencies up to 1500 c/s, but at 4000 c/s there 
is some suggestion of a maximum attainable loudness. 

In Fig. 3, the solid lines join points which represent the difference between 
the thresholds of hearing of the two ears, as found with the loudness balance 
apparatus. (This is not necessarily the same as the difference of the audio- 
grams, found some months earlier. Different apparatus was used on the two 
occasions, and the threshold of hearing may also change with time.) The 
broken lines join circles which represent the recruitment index at each 
frequency. The graphs are close together if recruitment is complete, whereas 
the broken line lies above the other if recruitment of loudness is not complete 
in the worse ear. 

The first diagram of Fig. 3 refers to the results of H.C.W., shown in more 
detail in Fig. 2. The incomplete recruitment at 2000 and 4000 c/s is clearly 
shown by the divergence of the two graphs. The other diagrams show the degree 
of recruitment of loudness, in the same way, for the other five subjects. In 
general, there is good agreement between the solid and the broken lines in 
Fig. 3, showing that the deafness is of a recruiting type in every case. If the 
key to the production of pitch-dependence on intensity lies in the loudness 
function at all, it is in minor departures from the rule of complete recruitment 
that we must seek it. 
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Fig. 1. Threshold of hearing, and the mean slope of the equal-loudness contours, against frequency 
The diagram referring to the defective ear of each subject is on the right. The upper graph of 
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each diagram is the audiogram, O—O, and the lower graph shows the calculated slope of a 
linear approximation to the equal pitch contour, plotted against the frequency of the 


standard tone, @—@. The unit of slope is 10-* octave per decibel. 


358 
| 8 20} 
° 
® H.c.W. © 
-8 4 
| 
2 
| 3 40 3 40 
g- ® © 8 
4 4 
& 0 Bo 
4 -8 
0’ 
20 ge 20 
| 
E 
VP. 
a- VP. © ® 
4 
0 
—8 
Frequency 
q 


PITCH AND RECRUITMENT OF LOUDNESS 


S$ o 


Hearing loss (db) 


lope 


S 


-4 


Hearing loss (db) 
3 8 « 


Hearing loss (db) 


i 


(ke/s) 


Fig. 1 (cont.). 


PHYSIO. CXXXVII 


359 
1K. © LK. ® 
4 
-8 4 
| | 
4 | 
0 
40: j 
KF. @® KF. © 
<8 
23 


360 PRISCILLA H. STRANGE 


The results of the pitch tests and of the loudness balance tests for each 
subject may be summarized as follows: 

(1) For H.C.W. (L) frequencies between 125 and 500 c/s become lower in pitch 
with increasing intensity. The threshold defect is greatest from 1500 o/s 
upwards, but at 2000 and 4000 c/s recruitment is not complete. The pitch 
moves away from the greatest defect. 

(2) For J.F.C. (L) frequencies between 125 and 1000 c/s become lower in pitch 
with increasing intensity. The audiogram slopes down from 1000 c/s to 
greater deafness at high frequencies, with complete recruitment of loud- 
ness except at 4000 c/s. The pitch moves away from the threshold defect. 

(3) For V.P. (R) frequencies from 125 to 2000 c/s become lower in pitch with 
increasing intensity. There is a hearing loss at all frequencies below 
A000 c/s, with the greatest hearing loss at 1000c/s. The threshold for 
6000 c/s is normal. Recruitment of loudness is complete. The pitch moves 
towards the defective lower frequencies. 
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Fig. 2. Loudness balance for one subject, H.C.W., at various frequencies. The co-ordinates of any 
point on the continuous line represent the relative intensities with which a frequency must be 
presented to each ear in turn, in order to sound equally loud. The broken line represents the 
case of symmetry, where identical tones sound equally loud in the two ears. 
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(4) For J.K. (R) frequencies from 1000 up to at least 6000 c/s become higher in 
pitch with increasing intensity, the effect being greatest at 3000 c/s. There 
is a trough in the audiogram at low frequencies, maximal between 500 and 
1000 c/s, and a narrow ‘island’ of good hearing at 4000 c/s. There is com- 
plete recruitment of loudness, except at 4000 c/s, where the loudness does 
not increase as rapidly with intensity as in the left ear. The pitch moves 
away from the defective lower frequencies. 

(5) For E.N. (L) frequencies close to 3000 c/s become lower in pitch, with 
increasing intensity. There is an ‘island’ of more normal hearing at about 
the same frequency, at which recruitment of loudness is not quite 
complete. The pitch moves away from this ‘island’ towards more defec- 
tive lower frequencies. 

(6) For K.F. (L) frequencies close to 3000 c/s become lower in pitch with 
increasing intensity. Frequencies above 2000 c/s have a uniform defective 
threshold, but they may not all share the same degree of recruitment of 
loudness. Pitch moves away from the defective region. 
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Fig. 3. Difference between the thresholds of hearing of the two ears of each subject, @—@, left- 
hand ordinate; index of recruitment of loudness of the defective ear, O—O, right-hand 
ordinate (this is the reciprocal of the calculated slope of a linear approximation to the loudness 
balance graph). The scale is chosen to bring the graphs together where recruitment of loud- 
ness is complete. The common abscissa is frequency, in kilocycles per second. 
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Conclusions 

The dependence of pitch on intensity is associated with defective hearing 
rather than with any personal bias on the part of the subject. Pitch defects are 
found with widely different types of deafness, in which recruitment of loudness 
is present. At low frequencies, as well as at those above 1000 c/s, threshold 
defects may be accompanied by pitch defects; at low frequencies pitch changes 
have been found for apparently normal ears, and it is not yet clear whether 
detailed examination of the threshold would always reveal a minor defect in 
such cases. There is no obvious consistent relationship between the degree of 
recruitment of loudness and the direction of the pitch change at neighbouring 


frequencies. 
DISCUSSION 


These findings confirm that it is abnormal for the pitch of a pure tone to be 
dependent on intensity, and show that a great many types of irregular audio- 
gram may be associated with a pitch defect. All the types of deafness which 
have been examined by the loudness balance method exhibit recruitment of 
loudness, which is significant of a cochlear lesion. The only thing which these 
subjects had in common was a unilateral partial deafness, and it would be too 
much to expect much homogeneity in the results from such a mixed bag. It is 
rather unusual for a cochlear deafness to affect one ear only, since systemic 
causes or trauma are rarely confined to one side of the head. Hence there is very 
little chance of choosing subjects with any desired type of deafness in one ear, 
and good hearing in the other. 

In forming hypotheses about the mechanisms of pitch-dependence on inten- 
sity, it is no longer permissible to assume that the direction in which the pitch 
moves depends on the presence or absence of recruitment of loudness. It is 
possible, however, that the loudness of a pure tone draws on the neural 
response from a greater length of the organ of Corti than goes to determine the 
pitch, so that detail of the local response along the cochlea might be lost in the 
loudness results, The idea that a wide area contributes to the loudness of a pure 
tone is supported by the fact that frequencies flanked by regions of great 
threshold defect often fail to achieve full recruitment of loudness. 

Once it is established that the pitch of a pure tone is dependent on intensity 
for one ear, but not for the other, in the same subject, the next step which 
seems obvious is to apply the first tone to one ear, and the second tone to the 
other, and thus to compare the pitch directly. Indeed, exploratory experi- 
ments of this kind were made, but met with unexpected difficulties. For some 
subjects, notably for K.F., there was good agreement with the results obtained 
from each ear separately. Again, other subjects found no pitch differences 
between the ears at any intensity. This question clearly demanded a separate 
investigation, which was not possible at that time, since each subject had 
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already spent some ten hours doing the tests, as well as the time spent in 
travelling. 

A cause of the difficulty may lie in the fact that the two ears are not com- 
pletely isolated, a tone applied to one ear by means of an earphone reaching the 
remote cochlea at an intensity only 50 db below the intensity at which it 
reaches the nearer cochlea (Sparrevohn, 1946). When the earphone is on the 
deaf ear, the contribution of the remote ear to the total response must be 
relatively large. 

This means that two tones applied in succession to the deaf ear both produce 
a response from both cochleas at the same time, whereas, if the first tone is 
applied to the normal ear, and the second to the deaf ear, the comparison must 
be made between a response from the normal cochlea only, and a response from 
both cochleas together. In the latter case, the contribution of the defective 
cochlea might be neglected by some subjects, and the judgement based on 
successive responses from the normal cochlea. 

It is known that pitch comparisons by normal subjects are made more accu- 
rately when the tones are given in succession to the same ear, than when one 
tone is presented to one ear, and the second to the other ear (Pikler & Harris, 
1955). This suggests that comparison of successive responses from one cochlea 
may take place in a part of the brain where only one cochlea is represented, 
while a less efficient comparison may be made between responses from the two 
cochleas in another part of the brain where both are equally represented. 

Harris (1948) found that in the method of constant stimuli, the subject makes 
his comparisons with a subjective reference point, which is a compromise 
between the objective standard tone and a subjective mid point, near the 
arithmetic mid point of the range of frequencies of the second tone. In the 
present tests this tends to reduce the measured size of the pitch changes, but 
evidently has not suppressed them entirely. When the standard tone is 
presented to one ear, and the variable second tone to the other, the influence 
of the psychological mid point may well become stronger and supplant the 
objective standard tone as a reference point. 

It is interesting to find that low frequencies are also liable to pitch defects 
when there are threshold defects nearby. This, of course, requires confirmation 
from subjects who have both ears the same, though other workers have 
described many unexplained cases of pitch-dependence on intensity at low 
frequencies (e.g. Morgan et al. 1951). 

Although we do not know how the pitch change is induced, there does not 
seem to be any justification for seeking more than one mechanism for defects 
which can occur throughout the auditory range. 
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SUMMARY 
- 1, The influence of intensity on the pitch of a pure tone has been examined, 
for each ear separately, for six subjects with unilateral deafness. 

2. The degree of recruitment of loudness present in the deaf ear of each 
subject was found by alternate binaural loudness balance, relative to the 
better ear. 

3. The dependence of pitch on intensity was always more marked for the 
deaf ear than for the better ear, even at frequencies below 1000 c/s. The pitch 
defect accompanies many types of irregular audiogram. 

4. Each subject showed almost complete recruitment of loudness in the deaf 
ear, at all frequencies, indicating a cochlear lesion in each case. 

5. No obvious connexion was found between the degree of recruitment of 
loudness and the direction of the pitch change at neighbouring frequencies. 

6. Difficulties inherent in any direct comparison of pitch as between the two 
ears are discussed. 


I am most grateful to the volunteers J.F.C., K.F., J.K., E.N., V.P. and H.C.W. for their 
co-operation and sustained interest. I should also like to thank the authorities of the Audiology 
Unit of the Royal National Throat, Nose and Ear Hospital for introducing me to some of the 
subjects, Dr H. J. A. Dartnall for his encouragement and helpful criticism, and Miss Ann Ley for 
her assistance. 
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THE EFFECT OF CARBON DIOXIDE ON THE RESPIRATORY 
RESPONSE TO NORADRENALINE IN MAN 
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D. J. C. CUNNINGHAM, M. G, M. JUKES, anp I. MAUREEN YOUNG 
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A continuous intravenous infusion of either adrenaline or noradrenaline in 
man causes only a transient stimulation of respiration which is accompanied 
by a reduction in the alveolar carbon dioxide pressure (pCO,) (Whelan & 
Young, 1953). The decline in the hyperpnoea may be due to hypocapnia. To 
test this hypothesis the effect of infusions of noradrenaline on respiration has 
now been studied during the breathing of air containing 2-5 % CO, so that the 
alveolar pCO, would remain high and any reduction of it which accompanied 
the hyperpnoea would be small. 

Noradrenaline was used rather than adrenaline because as a rule it gives 
rise to no subjective symptoms: adrenaline, on the other hand, almost always 
causes palpitation and ‘tightness’ in the chest which affect respiration to an 
unknown extent. 

METHODS 

To minimize psychogenic effects the infusion machine was behind a screen and the recording 
apparatus was out of the sight of the subject. The subject allowed us to mislead him as to the 
aim of the experiment; he did not know that he was going to receive noradrenaline. He was told 
that interest was centred on the effect of different partial pressures of CO, in the blood upon the 
urinary excretion of intravenously administered sodium chloride. Emphasis was therefore laid 
on the urine and the respiratory apparatus was accepted on the grounds that it was necessary for 
the control of alveolar pOO,. 

The experiment was done in the morning; the subject took no food or drink after 10 p.m. on 
the previous day. Room temperature was 19-22° ©. The first sample of urine was taken as soon 
as he arrived. Tubing for the stethograph was tied round his chest and abdomen and he settled 
himself comfortably in a deck chair. The intravenous needle was inserted near the elbow and 
infusion of saline was begun. 

The mouthpiece and noseclip were fitted and the subject breathed one of the CO,-air mixtures 
for at least 15 min. Continuous recording of respiratory minute volume and of end-tidal pCO, was 
started. The following routine was then carried out: 

0-15 min, control period; Haldane & Priestley end-expiration alveolar air samples collected at 
7 and 12 min; 
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15-30 min, infusion of noradrenaline at 10 g/min; Haldane & Priestley alveolar air samples at 
23 and 28 min; 

30-45 min, recovery period. 

The mouthpiece and noseclip were then removed. The subject was casually asked how he felt; 
his reply was noted and a second sample of urine was obtained. After a rest of about 20 min the 
experiment was resumed, the subject breathing another CO,-air mixture. The routine was the 
same as before. Afterwards a third sample of urine was obtained (all urine samples were discarded 
later). 

The subject usually returned on another day and the effect of noradrenaline on the responses 
to two other CO,-air mixtures was tested. At the end of this experiment he was asked if he had 
guessed that he had been given noradrenaline. 

Apparatus. The apparatus for supplying the inspired gas mixtures and for recording respiratory 
frequency and pulmonary ventilation was similar to that described by Cormack, Cunningham, 
Jukes, Lioyd & O’Riordan (1957) with a few modifications. (1) The inspired gas mixtures of 
2, 4, 4-5 and 5 % CO, in air were not warmed or humidified ; (2) a standard Siebe-Gorman respiratory 
valve casing was used in which the rubber flaps were replaced by spring-loaded ‘Perspex’ 
diaphragms to reduce resistance to flow; (3) an infra-red analyser recorded the CO, percentage in 
gas sucked continuously from between the subject’s teeth; the alveolar pCO, could be assessed 
from the end-expiration plateaus recorded (Dornhorst, Semple & Young, 1953). This record was 
used as a guide to the progress of the experiment and as a check on the Haldane & Priestley 
method of sampling. A fraction of each Haldane & Priestley sample was passed through the 
analyser and another portion was collected in a gas sampling tube for volumetric analysis later, 
Exact timing of the samples was the responsibility of the subject but their adequacy was checked 
by the infra-red analyser as described above. 

The apparatus for intravenous infusion (Duff, 1952) delivered 3 ml. of saline per minute 
throughout the experiment. The saline contained ascorbic acid to prevent oxidation of nor- 
adrenaline (Gaddum, Peart & Vogt, 1949). During the periods in which noradrenaline was infused, 
t-noradrenaline (Levophed: Bayer Products, Ltd.) was added to the saline so that it entered the 
body at the rate of 10 ug/min. The Levophed ampoules also contained a preservative and to ensure 
that the preservative was not itself a respiratory stimulant two types of control experiment were 
carried out. In the first, the diluted preservative alone was given throughout the control and 
recovery periods, and during the experimental period noradrenaline itself was the only addition 
to the infusion. In the second, the diluted preservative was infused for one hour to see whether 
it had any cumulative effect on respiration while the subjects breathed 4-5% CO,. The results 
were negative in both these control experiments. 

The concentration of Jactate in the venous blood was estimated in preliminary experiments by 
Hullin & Noble’s (1953) modification of Barker & Summerson’s method (1941). Three samples 
were taken before, five during and three after each noradrenaline infusion. No signifi change 
in lactate occurred either during or after noradrenaline administered while the sébject was 
breathing 2-5 % CO,. 

RESULTS 


The effect of noradrenaline on pulmonary ventilation and on alveolar pCO, 
was examined fourteen times on five experienced subjects. 

Symptoms. Most subjects had mild headaches throughout the experiments, 
especially when the inspired air contained 4-5-5 % CO,. In five infusions the 
subjects felt symptoms which they suspected were due to receiving a sympa- 
thomimetic substance. The results of these experiments were discarded. 

Respiratory rate. In two subjects noradrenaline did not affect the respiratory 
frequency. In the other three there was a small maintained increase. In them 
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noradrenaline increased the rate from 10-16 to 14-18 breaths/min when they 
breathed 2% CO, and from 18-20 to 22-28 with 5% CO,. The hyperpnoea 


started about 1 mim after the beginning of the noradrenaline infusion and 
reached a plateau in 2—3 min. 


| 


Ventilation (I./min, s.t.p.) 


Alveolar pCO, mm Hg 


Fig. t. The effect of CO, on the respiratory response to noradrenaline. Typical results 
obtained in one subject: O, 2% CO,; @, 4%; A, 45%; B, 5%. 


Pulmonary ventilation. The results of a typical series of experiments on one 
subject are shown in Fig. 1. Ventilation is expressed as the average volume 
expired in litres/min s.t.p. for 5-min periods. Three such values were obtained 
for each noradrenaline infusion; during the first of them ventilation was 
changing rapidly so importance is attached only to the second and third. In 
Fig. 1 there was only a small change in ventilation while breathing 2% CO,, 
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but at all higher levels the ventilation reached a plateau of 35-50% above the 
control value during the second 5 min period of the noradrenaline infusion, 
and remained at about this level till the end of the infusion in spite of the 
slight fall in alveolar pCO, produced by the hyperpnoea. 

In nine out of fourteen experiments on the five subjects the increase in 
ventilation was maintained till the end of the infusion; in the other five 
experiments there was a small decline in the hyperpnoea. After the end of the 
infusion ventilation declined slowly but had not reached the control value in 
15 min in six out of fourteen experiments. Table 1 shows the averaged results 
on the five subjects. The increase in ventilation during the last 5 min of the 
noradrenaline infusion ranged from 19% on 2% CO, to 47% on 45% CO,. 

Alweolar pCO,. The alveolar pCO, figures shown in Fig. 1 and Table 1 were © 
obtained by volumetric analysis of the Haldane & Priestley samples. In the 
subject whose results are shown in Fig. 1 there was a small decrease in alveolar 
pCO, in all four experiments. This was typical of four of the subjects. In the 
fifth subject there was a rise of less than 1 mm in two experiments because an 
additional 0-25 % CO, was added to the gas mixture during the noradrenaline 
hyperpnoea (cf. Cormack, Cunningham & Gee, 1957). Table 1 shows that the 
average decrease in alveolar pCO, during the last 10 min of the noradrenaline 
infusion was small, ranging between 0-6 and 2-3 mm Hg below the control level. 

Relation between ventilation and alveolar pCO,. In Fig. 2 ventilation is plotted 
against alveolar pCO, for all subjects. Only the results obtained during the 
last 10 min of the control periods and during the second and third 5 min 
periods of the noradrenaline infusion, when a relatively steady state had been 
reached, are included. 

Linear regressions of ventilation on pCO, during infusion of saline and 
noradrenaline were calculated, the regression coefficients being respectively 
1-71 40-42 and 1-68+0-51. There is no significant difference between them. 
The predicted ventilations at a pCO, of 43-2 mm are 16-7 l./min during saline, 
and 26-8 l./min during noradrenaline infusion, the difference being 10-1 1./min 
(s.z. +1-9) which is significant at the 0-1% level (¢ test). 43-2 mm was the 
mean pCO, of all the noradrenaline infusion points, and was arbitrarily selected 
for comparing the positions of the two regression lines. 

Using the pooled data from five subjects was not entirely satisfactory owing 
to the scatter of the points, but satisfactory calculations could not be made on 
individual subjects since there were insufficient results on any one of them. 


DISCUSSION 

Whelan & Young (1953) found that continuous infusions of noradrenaline given 
to subjects breathing air caused only a transient stimulation of breathing. The 
present experiments have shown that the addition of CO, to the inspired air 
converts this transitory response into one which is sustained throughout the 
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infusion period. It is interesting to recall that the hyperpnoea of anoxia is 
likewise sustained if the alveolar pCO, is prevented from falling (cf. Haldane 
& Poulton, 1908; Gee, 1949). 

When the regressions of ventilation on alveolar pCO, were calculated there 
was little difference between the slopes of the lines in the absence and in the 
presence of noradrenaline, indicating that there was no evidence that nor- 
adrenaline increased the sensitivity to CO,. However, a change of slope cannot 
be excluded owing to the large scatter of points. 


Pulmonary ventilation (I./min, s.t.p.) 


Q 4 
Alveolar pCO, (mm Hg) 
Fig. 2. Relation between ventilation and alveolar pCO, before and during the infusion of nor- 
adrenaline in fourteen experiments on five subjects breathing CO, (2-5%)-air mixtures. 
O and lower line: infusion of saline; regression coefficient 1-76 (s.2.+0-41). @ and upper 
line: during noradrenaline infusion ; regression coefficient 1-57 (s.B. + 0-43). 


It is uncertain whether noradrenaline stimulates the respiratory centre 
directly, or reflexly in response to some peripheral action. Vertebral and intra- 
carotid arterial infusions of noradrenaline do not influence respiration in 
conscious man (Coles, Duff, Shepherd & Whelan, 1956). That this is also true 
for the anaesthetized animal was shown by Young (1957), who has also shown 
that the respiratory response to intravenous noradrenaline is independent of 
the activity of the chemo- and baroreceptors. She considered the possibility 
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that noradrenaline was converted into, or released, some other substance 
which acted directly on the respiratory centre, as has been suggested by Hoff, 
Breckenridge & Cunningham (1950). 

As in the experiments just described, so in severe exercise, the CO, stimulus 
is increased (Bannister, Cunningham & Douglas, 1954) and the excretion of 
catechols in the urine is raised (von Euler & Hellner, 1952). It follows that 
adrenaline and noradrenaline are probably among the factors contributing to 
the hyperpnoea of severe exercise. It is not possible to assess the relative 
importance of their actions; though more noradrenaline is released, its action 
on respiration in equivalent dosage is less than that of adrenaline (Whelan & 
Young, 1953; Young, 1957). 


Pulmonary ventilation (I./min, s.t.p.) 


Minutes 

Fig. 3. Ventilation responses in a subject who became conditioned to the information that he 
was to receive a noradrenaline infusion: breathing 45% CO, throughout experiment. 
A-B: subject told he was receiving noradrenaline at 3 and 6yg/min respectively. No 
noradrenaline was actually administered. C: subject told he was no longer receiving nor- 
adrenaline. D-H: noradrenaline infused at 10 pg/min; subject not told, unaware of infusion. 


Conscious and psychological effects on respiration have been known for 
many years (cf. Krogh & Lindhard, 1913). Subjective symptoms are usually 
marked during adrenaline infusions but generally absent with noradrenaline; 
it was for this reason that all the present experiments were carried out with 
noradrenaline. To minimize possible psychogenic effects an elaborate pro- 
gramme of deception was followed. The importance of such precautions is 
illustrated in Figs. 3 and 4. The records were obtained in preliminary experi- 
ments on two subjects who knew when the infusions of noradrenaline began 


70 PQ. | 
50 Be 
id 
4 
t 
30 
10 q 
0 10 35 46 50 


372 H. BARCROFT AND OTHERS 


and ended and the form of the expected response. The subject of Fig. 3 had 
previously shown by far the greatest increase in ventilation at the beginning 
of infusions before the establishment of the steady state; he did not know the 
object of this particular experiment, unlike the earlier investigations, and 
suspected that he was to be given an unusually large dose of noradrenaline. 
The result (Fig. 3) shows that he had become conditioned to the information 
that the drug was about to be given, for there was a greater response to the 
information alone than to a subsequent noradrenaline infusion given without 
his knowledge. Fig. 4 shows that in another subject not so intimately con- 
cerned with the planning of the experiments psychogenic influences were 
negligible. Though the striking result shown in Fig. 3 was quite exceptional, 
it emphasized the fact that when planning respitatory experiments every 
possible precaution should be taken to avoid errors due to psychogenic effects. 


ow 


Ventilation (I./min, s.t.p.) 


Minutes 


Fig. 4. Ventilation responses in a subject who was unaffected by the information that he was to _ 


receive & noradrenaline infusion: breathing 4-5% CO, throughout experiment. A: subject 
told he was receiving noradrenaline at 10 g/min; no noradrenaline actually given. B-C: 
noradrenaline infused at 10 ng/min; subject not told and unaware of infusion. 


SUMMARY 


1. The effect of infusions of noradrenaline (10yg/min for 15 min) on 
pulmonary ventilation and alveolar pCO, has been examined in subjects 
breathing carbon dioxide-air mixtures (2-5 %). 

2. A sustained increase of 20-50% in pulmonary ventilation was obtained 
in spite of the small fall in alveolar pCO, which accompanied the hyperpnoea. 

3. At an alveolar pCO, of 43 mm Hg ventilation was increased by about 
10 1./min by the infusion of noradrenaline. 

4. No significant change in CO, sensitivity was demonstrated. 

5. A striking illustration is given of the need for precautions to avoid 
psychogenic effects in respiratory experiments. | 
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ADRENALINE HYPERPNOEA 
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Although large intravenous doses of adrenaline often cause apnoea in anaes- 
thetized animals, hyperpnoea is frequently produced (Brown, 1916; Roberts, 
1921; Bouckaert, 1922; McDowall, 1928; Schmidt, 1929; Heymans & 
Bouckaert, 1930; Wright 1930; Hoff, Breckenridge & Cunningham, 1950). 
However, this stimulation of respiration is most readily observed in response to 
relatively small doses of adrenaline in the lightly anaesthetized animal (Nice, 
Rock & Courtright, 1914; Nice & Neill, 1925; Amoroso, Bell, King & Rosen- 
berg, 1949). Moreover, a hyperpnoea is the only respiratory response seen 
after the injection of adrenaline in the conscious animal or in conscious man 
(Fuchs & Roth, 1912; Tompkins, Sturgis & Wearn, 1919; Bornstein, 1921; 
Lyman, Nicholls & McCann, 1923; Boothby & Sandiford, 1923; Cori & 
Buchwald, 1930; Courtice, Douglas & Priestley, 1939; Whelan & Young, 1953). 

Adrenaline hyperpnoea is therefore a well-established effect and it is 
probably the physiological response of the respiratory mechanism to adrenaline. 
The mechanism of this hyperpnoea is still ill defined. The increased respiration 
is brought about chiefly by an increase in tidal volume with little alteration in 
respiratory rate in both the anaesthetized animal (Nice e¢ al. 1914; Jackson, 
1916; Nice & Neill, 1925) and in conscious man (Boothby & Sandiford, 1923; 
Cori & Buchwald, 1930; Courtice et al. 1939; Whelan & Young, 1953). In the 
anaesthetized animal it has been shown to be independent of changes in 
cerebral or systemic blood pressure and of the integrity of the vagus (Nice et al. 
1914; Nice & Neill, 1925). It has been suggested that the hyperpnoeic response 
is due to the direct stimulating action of adrenaline on the respiratory centre 
(McDowall, 1928; Heymans & Bouckaert, 1930; Wright, 1930) or that it is 
simply the result of the increased metabolic rate (Boothby & Sandiford, 1923). 
By itself the second explanation seems scarcely sufficient, for both adrenaline 
and noradrenaline stimulate respiration to a comparable degree in man, in 
spite of the lack of any consistent increase in oxygen consumption after the 
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injection of noradrenaline (Whelan & Young, 1953). Finally, Courtice et al. 
(1939) attributed to lactic acid production the respiratory stimulation which 
they observed in man in response to adrenaline. However, both in these and 
in more recent experiments (Bradley, Gaskell, Holland, Lee & Young, 1954) 
the blood lactate peak succeeded the height of the respiratory response, 
indicating that the hyperpnoea is not obviously related to the blood lactate; 
these experiments do not, however, exclude the possibility of a raised tissue 
lactic acid as being the stimulus. 

This investigation was therefore undertaken to throw more light on the 
mode of action of adrenaline in stimulating respiration in the anaesthetized 
cat, rabbit and dog, in the conscious rabbit and in the decerebrate cat. The 
effect of noradrenaline on respiration was also studied under these conditions. 
The possible relationship between the results obtained in these experiments 
with those observed in conscious man are discussed, together with the possible 
role of adrenaline in the respiratory response to stress. 


METHODS 
with the additional injection of 5-15 mg of pentobarbitone butal, Abbott Laborat 


to each cat, to steady the respiratory base line. 
was not readily obtained. Rabbits, dogs and cate anaesthetized with Nembutal, 35-50 mg/kg 
given intravenously or intraperitoneally, were also studied, together with a few decerebrate cats 
and a few conscious rabbits. 

Records of respiratory rate and minute volume were obtained with Paton’s (1949) variable 
leak recorder attached to the expiratory side of a respiratory valve fitted to the tracheal cannula 
or to a rubber balloon which fitted on to the snout of the conscious rabbits. Arterial blood pressures 
were measured in the left femoral artery, with a mercury manometer. 

L-Adrenaline tartrate (British Drug Houses) and noradrenaline (Levophed, Bayer Products) 
were made up in 0-9% NaCl solution with 0-001 % ascorbic acid (Gaddum, Peart & Vogt, 1949). 
The drugs were always injected, whether intravenously or intra-arterially, in 0-5 ml. of the saline 
ascorbic acid mixture, followed by 0-5 ml. of this alone. Continuous infusions were given at the 
rate of 1 ml./min for 5-15 min. The preservative solutions in which the adrenaline and 
were supplied were obtained from the drug houses and suitable dilutions were injected in contro 
experiments. 

Respiratory centre Site of action of amines 

To determine whether the amines were acting directly on the respiratory centre, injections 
were made directly into the medulla through the vertebral artery. The brachial artery was cannu- 
lated at the elbow with no. 1 polythene tubing closed with fine Spencer—Wells forceps; with the 
exception of the vertebral artery, all the branches of the subclavian, axillary and brachial arteries 
were ligated; the common carotid was clamped before a series of injections. On three occasions 
this preparation was carried out on both sides. 

To establish whether the amines were acting at sensory nerve endings and causing reflex changes 
of respiration the following procedures were carried out either singly or in various combinations. 

The carotid and aortic afferents were investigated (i) by making injections of adrenaline directly 
into the carotid artery above a ligature of the common carotid on one side; (ii) by denervating the 
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carotid sinus region, by completely stripping the common and external carotids and tying off the 
small internal carotid artery, (iii) by denervating the aortic arch region and the subclavian-carotid 
junction, on the right side, by cutting the aortic nerves as they leave the superior laryngeal nerves 
(Green, 1954). The respiratory base line was frequently very irregular in these preparations. 

The thoracic afferents which might be carried in the vagus nerve were studied in experiments 
in which both nerves were cut in the neck. Good respiratory base lines were again difficult to 
obtain and this procedure was most successful when the initial rate of respiration was rapid and 
the bilateral vagal section caused less drastic slowing of the respiratory rate. 

Other afferents. Afferents in the thoracic region, and those of more caudal regions, were also 
investigated by complete division of the spinal cord between L2 and C8. No fall in arterial blood 
pressure occurred until the division was made above T5. The higher the resting B.P., and the sooner 
after inducing anaesthesia the division was made, the smaller the fall in pressure. In some experi- 
ments the splanchnics were cut, through a mid abdominal incision, as they emerged from the 
pillar of the diaphragm to relay in the solar plexus, 

Skeletal muscle 

To determine whether adrenaline was influencing skeletal muscle directly, maximal contractions 
of the gastrocnemius muscle, elicited by stimulation of the peripheral end of the sciatic nerve, 
were recorded simultaneously with the respiration in some experiments. 

Indirect action 

It appeared possible that adrenaline acted after it was converted into, or released, some other 
substance. To determine whether any specific organ was responsible for the ‘activation’ of 
adrenaline or the release of some other active substance, intravenous injections of adrenaline 
were made into a femoral vein after (1) removal of the suprarenal glands, (2) ligation of the blood 
supply to the kidney, and (3) removal of the entire gut; it was found difficult to remove the liver 
so as to preserve a good respiratory base line after the operation, so a ‘head and thorax animal’ 
was prepared as follows. The aorta and inferior vena cava were ligated in the pelvic region above 
their division into the iliac branches; a small catheter with an inflatable rubber balloon tied to 
one end (Farber & Eichna, 1953), was passed up each vessel till the balloon lay just above the 
passage of the vessel through the diaphragm. The exact position was checked post-mortem. 
Syringes were fitted to the catheters and the balloons inflated with 1-5-2 ml. of air; the inferior 
vena cava was occluded first, occlusion of the aorta followed immediately and was always 
accompanied by a rise of some 30-40 mm Hg pressure in the carotid artery. 


Effect of gaseous changes 

To study the effect of low oxygen tensions and high CO, tensions on the sensitivity of the 
‘adrenaline hyperpnoea’ response, a Douglas bag containing the gas to be studied was attached 
to the inspiratory side of the respiratory valve. 10% O, in N, was breathed for 10 min and the 
respiratory base line was steady before the adrenaline was injected. 5% CO, in O, was used to 
give increased CO, tensions; in cats the respiratory base line was frequently unaltered by inspiring 
this gas, but a good stimulation was obtained in rabbits and the effect of adrenaline had to be 
recorded on a rising base line. 


RESULTS 
Intravenous injection 
Adrenaline. In the intact animal hyperpnoea could be produced with 
injections of 0-12-0-5 ug adrenaline into a femoral vein in the average intact 
2-5-3-5 kg cat, under chloralose or Nembutal anaesthesia. Out of 98 cats 
37 were less sensitive and only showed a hyperpnoea with 2-5yug adrenaline. 
The five types of response which could be obtained are shown in Fig. 1, 


toget 
| base 
supp 
3 
d 
‘ whic 
Dose of 
Fig. 1 
P 
with 
off ar 
of 1 
the ¢ 
was 
in th 
anae 
| usua 
by a 
| was § 
| of res 
in bl 


ADRENALINE HYPERPNOEA 377 
together with the accompanying arterial blood-pressure changes. A rise in the 
base line of the respiratory record indicates an increase in minute volume. The 
pure diluted preservatives in which the adrenaline and noradrenaline are 
supplied were without effect on respiration in the cat and the rabbit. 

Fig. 1 (a) and (6) show the simple increase in minute volume caused by a 
small rise in tidal volume. The hyperpnoea was frequently preceded by an 
inhibition of respiration, as shown in Fig. 1 (c); this double response was more 
usually seen with large doses of adrenaline (Fig. 1d). Fig. 1¢ shows the gasp 
which sometimes preceded the hyperpnoea; this response was frequently seen 


Arterial 
(mm Hg) 


Respiratory 
minute volume 


Dose of adrenaline (yg) 50 
(c) (4) 
the intact anaesthetized cat, together with the accompanying changes in arterial blood 
pressure, A rise in the base line of the respiratory record indicates an increase in minute 


volume. In Figs. 1-8 time marker = 10 sec. 


with the first few injections of adrenaline in the experimental animal; it wore 
off and was replaced by a simple hyperpnoea. Continuous infusions at the rate 
of 1-24g/min caused a hyperpnoea which was permanent or which lasted for 
the duration of the infusion. Four decerebrate cats were studied and a marked 
respiratory depression always observed (Fig. 2). A stimulation of respiration 
was observed in anaesthetized dogs. This was preceded by an inhibition both 
in the intact and deafferented animals. Hyperpnoea was observed in the 
anaesthetized and in the conscious rabbit. 

The respiratory responses to intravenous injections of adrenaline were 
usually accompanied by a small, short-lasting rise of arterial pressure followed 
by a fall of 10-20 mm Hg (Fig. 1a). Fig. 15 shows that with these doses there 
was sometimes a simple rise in arterial pressure accompanying the stimulation 
of respiration. With bigger doses of adrenaline (Fig. 1d) there was always a rise 
in blood pressure in the cat. 


24-2 


| 
| 
‘ 
q y 
by 
7 
‘ 
7 
» 
5 
< 
4 
> 
cs 
“ 


378 I. MAUREEN YOUNG 


Most of the results to be described subsequently are concerned with the two 
responses most frequently observed. The first was the simple stimulation of 
respiration in response to very small doses of adrenaline, which was observed 
most frequently in a newly aneesthetized animal and was usually accompanied 
by a small fall in blood pressure. The second was a stimulation, preceded by 
a short period of inhibition of respiration, obtained with larger doses of 
adrenaline during the latter part of an experiment, and accompanied by a rise 
in blood pressure. The negative or positive effect of any experimental pro- 
cedure upon the respiratory response to adrenaline or noradrenaline was 
accepted if the same result was obtained in at least 3-5 experiments. 


Dose of adrenaline fig 25 pg 


Fig. 2. The respiratory response to intravenous adrenaline in the decerebrate 
cat; otherwise the animal was intact. 

Noradrenaline. In the anaesthetized cat and dog a small inhibition of 
respiration was always observed with doses of noradrenaline equivalent to 
those which produced hyperpnoea with adrenaline (Fig. 3a); small doses of 
noradrenaline also inhibit respiration in the decerebrate cat. But in the 
anaesthetized and the conscious rabbit a stimulation of respiration was always 
produced (Fig. 3b,c). The intravenous injections of noradrenaline were 
accompanied by a rise of blood pressure (Fig. 3a) which might be succeeded 
by a small fall (Fig. 35). 

Intra-arterial injection 

To study the direct action of adrenaline and noradrenaline on the respiratory 
centres, injections were made into the vertebral artery of the anaesthetized 
cat and rabbit. 0-12-0-25ug adrenaline either had no effect on respiration or 
caused an increase in minute volume which was smaller than that produced by 
the same dose given intravenously (Fig. 4a, b). Larger doses, up to 5yg 
adrenaline, were without further direct central action, and smaller injections, 
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down to 0-002ug were without effect. Similarly, intra-arterial injections of 
noradrenaline had no effect on breathing or an inhibitory action which was 
smaller than that produced by the same dose given intravenously. 

The blood-pressure changes accompanying the intra-arterial injections of 
adrenaline were always small; the pressure rose and never fell (Fig. 4a). 
_ Similarly, smaller rises in blood pressure were obtained with intra-arterial 
noradrenaline than with equivalent doses given intravenously. 


Arterial 6% 
(mm Hg) 


Dose of adrenali 025 0-05 10 
(a) (b) 


Fig. 3. The respiratory response to intravenous noradrenaline in the intact 
(a) anaesthetized cat; (b) anaesthetized rabbit; (c) conscious rabbit. 


Fig. 4. A comparison between the effect of equivalent doses of adrenaline injected either into 
the vertebral artery (a) or femoral vein (6) in the intact anaesthetized cat. 
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Sensory nerve endings 

To establish whether the amines were acting at sensory nerve endings and 
causing reflex changes of respiration, the respiratory response to the amines 
was not abolished by denervation of the carotid and aortic buffer regions either 
before or after vagal section (Fig. 5b) in the cat, dog and rabbit. These pro- 
cedures frequently decreased the sensitivity of the preparation permanently, 
and response could usually only be obtained with larger doses. Injection of 
adrenaline or noradrenaline directly into the common carotid towards the 
head (above a ‘bulldog’ clip) produced no respiratory response. 


Dose of adrenaline (mg) O25" (a) 


Fig. 5. The respiratory response of the anaesthetized cat to intravenous adrenaline (a) after 
dividing the vagi; (6) after dividing the vagi and denervation of the carotid and aortic 
buffer regions. 


Adrenaline hyperpnoea was not abolished by section of the vagi in the cat 
(Fig. 15a), the dog or the rabbit; in the experiments in which there was a very 
marked slowing of respiration after division of both vagi, the response to 
adrenaline was temporarily abolished, but returned as the respiration rate 
accelerated. Similarly, the response to noradrenaline was unaltered by dividing 
the vagi. 

Adrenaline hyperpnoea and the diminished respiration in response to 
noradrenaline in the cat, were not abolished by section of the cord, but when 
the cord was divided at T5 or above the sensitivity of the preparation was 
greatly decreased; a similar loss of sensitivity occurred when the splanchnic 
nerves were cut in the abdomen. 


In 
cutti 
prod 
Fy 
stim 
adre 
Arterial 8 
(mm 
Respi 
minute 
4 Fig. 6 
some 
rem 
infi 
ope 
the 
did 
3 
cats 
| bre 
in 


ADRENALINE HYPERPNOEA 381 


In the cat, after denervation of the carotid and aortic buffer regions, 
cutting the vagi or transection of the cord, the doses of adrenaline required to 
produce a response usually caused a rise in blood pressure (Fig. 5a, b). 


Skeletal muscle 


Fig. 6 shows that the tension developed in the gastrocnemius muscle, on 
stimulation of the sciatic nerve, is unaltered by both small and large doses of 
adrenaline, which cause a marked stimulation of respiration. 


Maximal contractions 
of gastrocnemius : 
muscle 


Dose of adrenaline S OSpug ° 50 pg Adr. 


Fig. 6. A simultaneous recording of (1) maximal contractions of the gastrocnemius muscle, elicited 
by stimulation of the peripheral end of the sciatic nerve; and (2) respiratory minute volume, 
in the cat in response to adrenaline given intravenously. 


Indirect action 

To determine whether adrenaline acted after it was converted into or released 
some other substance the following experiments were performed. In the cat, 
removal of the suprarenal glands, the kidneys or the alimentary canal did not 
influence the respiratory response to intravenous injections of adrenaline; the 
operative procedures reduced the sensitivity of the preparation. Removal of 
the liver from the circulation, in the ‘head and thorax’ preparation, likewise 
did not influence the response. 


Effect of gaseous changes _ 

Low oxygen tensions in the arterial blood reduced the mattinias of both 
cats and rabbits to the stimulating action of adrenaline on respiration; the 
breathing of mixtures containing high CO, tensions did not alter the sensitivity 
in either animal. The decrease in sensitivity in the cat due to low O, tensions 
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was irreversible, but in the rabbit it was readily reversible as seen in Fig. 7. 
The breathing of a high O, tension decreased the sensitivity of the rabbit to 
adrenaline, but in the cat it had either no influence or a small stimulating 
action. 


100% Oa Air 10% Air 


Fig. 7. The influence of (a) increasing the O, tension; (6) decreasing the O, tension; and (c) 
increasing the CO, tension in the inspired air, on the respiratory response to intravenous 
adrenaline in the anaesthetized rabbit. 2-5ug adrenaline at each signal. 


minute 


After 30 mg dibenyline 10 mg dibenyline 
OS wg Adr. OS pg Nor. 05 pg Adr. O5 yg Nor. 


(a) (b) (4) 
Fig. 8. To demonstrate that dibenyline does not antagonize the respiratory responses to adrenaline 
and to noradrenaline given intravenously in the intact anaesthetized cat (Nembutal). 
(a) and (6) are the control responses; and (c) shows that, in this experiment, dibenyline 
enhances the respiratory response to adrenaline; (d) shows that an intravenous injection of 
dibenyline stimulates respiration and lowers the arterial B.P. temporarily. 


Influence of dibenyline 
Dibenyline, given intravenously in doses up to 4. mg/kg, was without 
influence on the respiratory response to either adrenaline or noradrenaline 
given intravenously in the intact cat. Fig. 8 shows that, after a dose of 
10 mg/kg of dibenyline, the respiratory response to adrenaline was greatly 
enhanced and the response to noradrenaline a little prolonged; this was the 
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only preparation in which a slight stimulation of respiration was ever seen 
with noradrenaline. It will be observed that the blood-pressure response to 
adrenaline lost its biphasic character after dibenyline and that the response 
to noradrenaline was reversed so that there was a fall in arterial blood pressure 
after the injection of either of the amines. 

Fig. 8d shows that dibenyline itself caused a stimulation of respiratory rate 
and an increase in minute volume; the arterial blood pressure was ead 
depressed. 

DISCUSSION 

Adrenaline hyperpnoea was readily observed in the intact cat, dog and rabbit 
lightly anaesthetized with chloralose or Nembutal, after single injections of 
small doses 0-05-0-25 ug/kg. The increase in minute volume was achieved by 
an increase in tidal volume with only a minimal increase in rate, as observed 
by Nice et al. (1914), Nice & Neill (1925), Jackson (1916) and McDowall 
(1928); Garrelon & Langlois (1913) found a marked acceleration of respiratory 
rate in dogs. The type of response varied with each preparation and the dura- 
tion of the anaesthesia. 

The first response, a sigh, was observed in one-third of the preparations 
studied. Its abruptness suggests the direct stimulation by adrenaline of a 
central or peripheral mechanism and resembles the abrupt onset of hyperpnoea 
seen in man (Whelan & Young, 1953). 

The second response, the simple increase in minute volume, most frequently 
observed with the small doses of adrenaline in the newly anaesthetized animal 
which had undergone no extensive dissection, was accompanied by either a 
small fall in the arterial blood pressure or a small rise. This response is therefore 
independent of changes in the arterial pressure, as observed by Nice and his 
colleagues. 

The third response, an increase in the minute volume, which was preceded 
by a short period of inhibition of respiration, was obtained with the large doses 
of adrenaline (0-5-2-0 ug/kg) which were always required to elicit the response 
1 hr after induction of anaesthesia or after extensive dissection. The small 
inhibition of respiration corresponded in time with the beginning of the rise 
in arterial blood pressure of some 40 mm Hg which accompanied these injec- 
tions: it was, however, not the reflex adrenaline apnoea seen by Heymans 
& Bouckaert (1950) and by Wright (1930), for it always persisted after 
section of the vagi, denervation of the carotid sinus mechanisms and section 
of the cord at the level of C8; furthermore, the hyperpnoea in this third type 
of response was well established before the blood pressure fell to control values 
again. 

The sustained hyperpnoea in response to a continuous infusion of adrenaline 
in the anaesthetized animal resembled the response of conscious man, breathing 
high CO, tensions, to a continuous infusion of adrenaline or noradrenaline 
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(Barcroft, Basnayake, Celander, Cobbold, Cunningham, Jukes & Young, 1956) ; 
one reason for this similarity might have been the accumulation of CQ, in the 
anaesthetized animal due to the depression of respiration by the anaesthetic, 
but no results were obtained to define the extent to which the latter had 
occurred. 

The inhibition of respiration by noradrenaline in the anaesthetized animal 
was of particular interest because a species difference was found; in the cat and 
dog an inhibition was observed, in contrast with the stimulation observed in 
the rabbit and conscious man (Reale, Kappert, Skoglund & Sutton, 1950; 
Whelan & Young, 1953). It is not known whether the response in the cat and 
dog was reversed by anaesthesia, but in the rabbit a stimulation was observed 
both with and without an anaesthetic. It is striking, too, that both adrenaline 
and noradrenaline inhibited respiration in the decerebrate cat. 


Reflex stimulation of respiration by adrenaline 

These responses to adrenaline and noradrenaline, just described, are inde- 
pendent of the integrity of the vagus, the cervical sympathetic, the carotid 
sinus and aortic arch mechanisms and the cord below the level of C8. That 
adrenaline and noradrenaline should cause hyperpnoea in man by causing 
vasoconstriction in the carotid and aortic body regions, with the development 
of a local decrease in oxygen tension and a high CO, tension, had seemed an 
attractive hypothesis. However, the experimental evidence in animals renders 
this explanation unlikely because (1) no responses followed the direct injection 
of the amines into the common carotid artery towards the bifurcation, (2) the 
responses observed after intravenous injections persisted after denervation of 
both carotid and aortic body regions, and (3) adrenaline hyperpnoea was not 
abolished by the adrenergic blocking agent, dibenyline, in confirmation of 
previous work on adrenergic blocking agents (Nickerson & Goodman, 1947). 
Lastly, Daly, Lambertsen & Schweitzer (1954) found that doses of 10-25 ug 
adrenaline in the cat increased the carotid body blood flow 12-43%, and a 
further increase to 67° was obtained with 100g adrenaline; these increases 
in flow were due to the rise in arterial blood pressure. Palme (1936) and 
Landgren, Neil & Zotterman (1952) applied 1:1,000 adrenaline to the surface 
of the carotid sinus region and observed a constriction of the vessel walls, 
increased activity in the carotid sinus nerve and a reflex fall in arterial blood 
pressure. No hyperpnoea was observed (Neil, personal communication). 

In the absence of positive evidence for the involvement of the vagus and 
chemoreceptive mechanisms in the respiratory response to adrenaline and 
noradrenaline it would seem that the responses must be due to the direct 
action of these substances (1) on the respiratory centre, or (2) on the peripheral 
neuromuscular mechanisms concerned with respiration. 
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Direct action of adrenaline on respiratory centre 

The result of direct vertebral intra-arterial injections of adrenaline in the 
present study was negative, as were similar experiments in man (Coles, Duff, 
Shepherd & Whelan, 1956). (McDonald & Potter’s (1951) observations on the 
cerebral flow in the rabbit show that a slow injection into one vertebral artery 
might reach the corresponding side of the medulla only. To exclude the 
possibility that adrenaline would not stimulate the centre if unilaterally 
distributed three experiments were carried out in cats, in which bilateral 
injections were made with similar negative results.) Adrenaline can cause 
constriction of the cerebral vessels in the monkey (Dumke & Schmidt, 1943) 


>) 
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Fig. 9. To demonstrate that vertebral intra-arterial injections of adrenaline in the anaesthetized 
cat reach the respiratory centre. The respiratory responses are shown to injections of: 
(a) 0-5 ml. 0-05 s-HCl into the femoral vein ; (6) 1 «g adrenaline into the femoral vein; (c) 1 ug 
adrenaline into the vertebral artery; (d) 0-5 ml. 0-005n-HCl into the vertebral artery; 
(e)and(f) 1 »gadrenaline in 0-5 ml. 0-005 x-HCl injected into the vertebral artery. Note: (1)the 
immediate gasp due to the acid in records (d), (e), (f); and (2) the delay of hyperpnoea in 
(e) and (f) which is approximately equal to the delay of the intravenous response. 


and in the spinal cord of the rabbit (Field, Grayson & Rogers, 1951), and it 
was therefore questionable whether the intravertebral injection in this study 
reached the respiratory centre. The following evidence suggests that there can 
be little doubt that these arterial injections did reach the respiratory centre: 
0-5 ml. 0-005 n-HCl injected into the artery either alone or together with the 
adrenaline caused an immediate gasp (Fig. 9) which was of the same magnitude 
as that following the intravenous injection of 0-5 ml. 0-05n-HCl. Gray & Paton 
(1949) found that sodium chloride was also diluted about tenfold, measured 
by a conductivity method, during its passage from the femoral vein to the 
carotid artery. It was on this basis that the value of the first vertebral intra- 
arterial injection was chosen: one-tenth the effective intravenous dose was 
found to be ineffective intra-arterially as were the smaller quantities tried, 
down to one-two-hundredth of the intravenous dose. No positive result on 
respiration was ever obtained until a dose was given equal to that producing 
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the hyperpnoea characteristic of adrenaline when injected intravenously. The 
latent period of the response obtained was equivalent to, and the magnitude 
rather smaller than, that following intravenous injection, and it is probable 
that it was due to some adrenaline which had emerged from the cerebral 
vessels and was circulating as though given by the intravenous route. Similar 
results were obtained for the inhibitory action of noradrenaline, following 
vertebral intra-arterial injection. 

Discrepancy between the effects of drugs given intravenously and intra- 
arterially is well known. Schmidt (1929) first showed that adrenaline apnoea 
did not occur after the vertebral intra-arterial injection of the drug in dogs, 
suggesting an absorption or destruction of adrenaline by cerebral tissue before 
it could appear in the general circulation and cause the rise in arterial blood 
pressure necessary to initiate the reflex apnoea. The action of adrenaline on 
muscle blood flow in man also depends upon the route of injection ; continuous 
intra-arterial injections cause a transient dilatation only, due to the direct action 
of adrenaline on the blood vessels (Barcroft & Swan, 1953), while continuous 
intravenous infusions cause a transient dilatation which is followed by a 
sustained dilatation. Hildes, Purser & Sherlock (1949) could demonstrate no 
change in muscle glycogen or in blood lactate during the continuous intra- 
arterial infusion of adrenaline to the leg in man, but a well-marked reduction 
in muscle glycogen was found to occur during intravenous infusion, together 
with a rise in blood lactate (Hildes, Sherlock & Walshe 1949). Barcroft, 
Peterson & Schwab (1951) observed that intravenous infusions of adrenaline 
increased Parkinsonian tremor in man; since intra-arterial infusions to the 
limbs concerned were without effect on the tremor, they concluded that the 
adrenaline was acting centrally. 


Action of adrenaline on peripheral neuromuscular mechanism 

It is unlikely that adrenaline or noradrenaline are affecting respiration by 
a direct action on the skeletal muscles concerned, for in the present experi- 
ments the contraction of the maximally stimulated gastrocnemius muscle was 
unaffected by the doses used. This is in agreement with many previous 
observations since Oliver & Schafer (1895) originally showed that adrenal 
medullary extracts potentiated the contraction of unfatigued skeletal muscle. 
Griiber (1922) also obtained large increases of twitch tension of indirectly 
stimulated muscle after the intravenous injection of big doses of adrenaline 
or after splanchnic stimulation. These results have been confirmed during the 
last ten years, for both adrenaline and noradrenaline (Goffart & Brown, 1947; 
West & Zaimis, 1949; Goffart, 1952, 1954); the responses have not been so 
striking as those obtained earlier and there has been little agreement as to the 
mode and site of action. Bowman (1956) has extended the observations to 
different types of muscle and finds that both adrenaline and noradrenaline 
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increase the tension in those muscles containing predominantly white fibres, 
such as the tibialis anterior, and decrease the tension in muscles containing 
predominantly red fibres, such as the soleus. The doses Bowman used were 
comparable with those used in the present experiments, and in view of this 
contrast between the effects on different types of muscle it would have been 
more appropriate to study the response of the diaphragm and intercostal 
muscles rather than of the gastrocnemius. Goffart & Ritchie (1952) showed 
that adrenaline and noradrenaline increased the twitch tension in the isolated 
rat diaphragm. 
So far there is therefore no conclusive evidence for the site of action of 
adrenaline or noradrenaline as they influence respiration in the anaesthetized 
animal. The results following the vertebral intra-arterial injection of these 
amines suggest two further possibilities, namely (1) that they act only in the 
thoracic region and do so after the injections have escaped from the cerebral 
circulation, or (2) that they are converted into an active substance outside the 
cerebral circulation which stimulates the respiratory centre when it reaches 
the medulla. 
Action of adrenaline in thoracic region 
If the amines stimulated receptors in the heart or lungs the afferent fibres 
would have to be sympathetic in origin, for all other innervation to the thorax 
has been excluded in these experiments. The receptors of Gruhzit, Freyburger 
& Moe (1954) in the thoracic aorta, innervated by fibres running in the thoracic 
dorsal roots, must be excluded, as must those of Ballin & Katz (1941) in the 
right heart. Hypothetically the amines could stimulate receptors in the heart 
and lungs either directly or indirectly by causing local changes in the pulmonary 
vascular bed, when the resulting accumulation of CO, or depletion of oxygen 
might be the effective stimulus. The latter explanation would again seem 
unlikely, for adrenaline hyperpnoea is not abolished by dibenyline and the site 
of action of adrenaline and noradrenaline on the pulmonary vasculature in the 
experimental animal is uncertain and the responses unpredictable (Franklin, 
1932; Gaddum & Holtz, 1933; Daly, Foggie & Hebb, 1940; von Euler & 
Liljestrand, 1947; Edwards, 1951; Smith & Coxe, 1951). 
In man, adrenaline and noradrenaline increased the mean pulmonary arterial 
pressure (Goldenberg, Pines, Baldwin, Greene & Roh, 1948), but it was not 
known whether this was due to vasoconstriction in the pulmonary bed. 
B. Folkow & J. R. Pappenheimer (personal communication) found that 
injections of large doses of adrenaline in artificially ventilated dogs reduced 
the arterial oxygen saturation and increased the arterial carbon dioxide 
content; further, the oxygen content of the expired air was increased and the 
carbon dioxide content decreased. Both these changes indicated impaired 
ventilation perfusion ratios and were implied in Konzett & Hebb’s (1949) 
results, for they found that both adrenaline and noradrenaline increased the 
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vascular resistance and diminished the lung volume in isolated perfused dog’s 
lungs. Folkow has suggested that it is the alteration in the gaseous composi- 
tion of the blood which might act as the stimulus causing the hyperpnoea. 


Action of adrenaline after it is converted into or it has released 
some other substance 

If adrenaline or noradrenaline are effective in stimulating respiration after 
being converted into another substance it appears from the experimental 
evidence that the conversion cannot take place in the cerebral circulation and 
may be confined to the heart and lungs. Removal of the abdominal viscera 
either singly or completely did not influence the responses, but if the conversion 
is a general property of the majority of tissues the response could still occur in 
the ‘head and thorax’ preparation, without any special property being assigned 
to the thoracic region. (The large rise in arterial pressure observed, as the 
balloons were inflated in the inferior vena cava and the abdominal aorta just 
above the diaphragm to obtain the ‘head and thorax’ preparation, has previously 
been described by Barcroft (1931).) The persistence of adrenaline hyperpnoea 
after removal of the abdominal viscera excludes the possible involvement of 
Bean’s (1952) visceral chemoreceptors in the response, and its persistence in 
the absence of the liver decreases the importance of the possible role of the 
release of potassium ions from the liver as being responsible for the action of 
adrenaline (D’Silva, 1949). If the responses in the present experiments are 
due to the conversion of adrenaline into another substance this would cor- 
respond with the suggestion made by Whelang1952) that the sustained vaso- 
dilatation in human muscle during intravenous infusion was due to the release 
by adrenaline of another chemical substance. Final evidence for its existence 
must be obtained by cross-circulation experiments. It is interesting to note 
that Brown (1916), perfusing the dog’s medulla through the vertebral artery 
with a simple pressure bottle and very diluted defibrinated blood, obtained 
either a stimulation or an inhibition of respiration when adrenaline was added 
to the blood. However, when the perfusate containing the adrenaline was 
circulated a second time a stimulation of respiration was always obtained. 
Heymans & Heymans (1926) found that adrenaline added to the arterial blood 
in the isolated perfused dog’s head preparation sometimes stimulated respira- 
tion, but never caused apnoea. 


The relationship between the respiratory responses to adrenaline or 
noradrenaline in the anaesthetized animal and in conscious man 
Any discussion as to the inter-relationship between the various results 
obtained in the anaesthetized animal and their relationship with those obtained 
in man is at present purely speculative. However, certain correlations sug- 
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gested in previous sections may be amplified. The first is the suggested 
resemblance between the sigh seen after the intravenous injection of adrenaline, 
in newly and lightly anaesthetized animals, and the abrupt onset of respiration 
in man in response to adrenaline infusions (Whelan & Young, 1953) which 
corresponds with a ‘spike’ in the pulse rate, arterial blood pressure and forearm 


direct action of adrenaline itself upon receptors which adapt quickly, as has 
been shown for the transient dilator response of the muscle blood vessels in 
man (Barcroft & Swan, 1953); these receptors are probably very sensitive to 
anaesthesia, for sighs were not detected in the more deeply anaesthetized 
animal and the ‘spike’ response was not observed in anaesthetized man 
(H. E. de Wardener & I. M. Young, unpublished). The absence of the abrupt 
onset of respiration under anaesthesia may be due to the accumulation of CO,, 
for the ‘spike’ was reduced in human experiments when noradrenaline was 
infused during inhalation of high CO, mixtures (Young, 1956); alternatively, 
it may be due to the depressant action of the anaesthetics themselves. It is 
interesting to note that, in the one sleeping subject studied, the onset of 
respiration in response to an adrenaline infusion was abrupt (Whelan & Young, 
1953). 
The second correlation between the observed hyperpnoea in conscious man 
and in the anaesthetized animal is that the more sustained responses may be 
due to the release of a metabolic product, another hormone, or to a breakdown 
product of adrenaline itself. Whelan (1952) has shown that this explanation 
might account for the sustained dilation in human muscle, and the discussion 
on page 388 suggests that a similar explanation might apply to the observations 
on respiration in the anaesthetized animal. 
The receptors for the sustained response may be the same as those responsible 
for the abrupt response but reacting differently to the second stimulus, or 
different receptors may be stimulated. Nevertheless, the receptors for the 
circulatory responses do not adapt quickly, neither do those responsible for 
the respiratory response when the CO, tension is above a critical level. This 
threshold was not determined, but the poorly sustained response to nor- 
adrenaline observed when subjects were breathing air and 2°%, CO, in air, was 
converted into a sustained response when mixtures containing 4% CO, or 
more, in air, were inhaled (Barcroft et al. 1956); there were comparable falls 
of CO, tension with 2% CO, and the higher mixtures, but the absolute level 
reached was lower when 2% CO, was inhaled. In addition, continuous intra- 
venous infusions of adrenaline in the anaesthetized cat produce a sustained 
response; it is likely, but not proven, that this is also due to a raised alveolar 
of CO, tension. The administration of 5° CO, for a short period in the anaes- 
thetized cat and rabbit abolishes the respiratory responses to adrenaline but 
in the rabbit this effect is readily reversible when the CO, administration 
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ceases. OO,, therefore, would appear first to enhance the activity of the receptor 
for the sustained respiratory response and when in excess to depress it. 

The receptors responding to the substance giving the sustained response to 
respiration are not quite so robust as those responsible for the vascular 
responses. In seven out of nineteen experiments in conscious man breathing 
high CO, mixtures the response to noradrenaline was beginning to fall off 
during the last 5 min period of the 15 min infusion; this may in part be 
accounted for by the reduced alveolar CO, tension (Barcroft et al. 1956). 
Further, adaptation of these receptors would seem to occur in the experi- 
mental animal, for increasing amounts of both amines have to be given to 
elicit a comparable respiratory response as the duration of anaesthesia pro- 
ceeds. This adaptation might have been brought about by the continuous 
release of adrenaline by the suprarenal medulla, under the stress of the 
anaesthesia and experimental procedure, with a resulting tachyphylaxis. 
Elliott (1912) demonstrated that the adrenaline content of the suprarenal 
medulla fell during ether anaesthesia in the dog, and the changes in acid-base 
equilibrium observed in children under cyclopropane anaesthesia are similar 
to those observed during the administration of adrenaline infusions (Bunker, 
Brewster, Smith & Beecher, 1952). This tachyphylaxis of the respiratory 
responses to adrenaline has been noted by nearly every observer in the field, 
and Schmidt (1929) also found that it occurred for the adrenaline apnoea 
response. Late in an experimental period the tachyphylaxis is probably due 
to the depressant action of CO, accumulation. 

Mention may be briefly made of the inhibitory response to adrenaline in the 
decerebrate cat, the inhibitory response preceding the stimulation with 
adrenaline, and the inhibitory response described for noradrenaline, in the 
anaesthetized cat and dog. There is no reason to suppose that these are actions 
on different receptors. In the decerebrate cat the reversal may be due to the 
absence of the influence of a higher centre on the medulla, and the small inhibi- 
tion frequently observed before the stimulation of respiration by adrenaline 
is analogous to the dual action which nicotine has on ganglia, as pointed out by 
Barcroft & Swan (1953). 

Lastly, the negative results obtained by Coles et al. (1956), who gave 
vertebral intra-arterial infusions of adrenaline or noradrenaline in conscious 
man, are in accord with the negative results obtained with similar injections 
in the anaesthetized animal and indicate that the latter were not necessarily 
due to the result of the depressant action of the anaesthesia. 


The possible role of adrenaline and noradrenaline in the 
respiratory response to stress 
The suggestion that adrenaline and noradrenaline are released from the 
suprarenal medulla and adrenergic nerve endings during stress, and particularly 
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that they may influence respiration during exercise, is not new. But unequi- 
vocal evidence that there is a raised blood level or an increased urinary excre- 
tion during exercise must be obtained before this possibility can be considered. 

Increased catechol output occurs in animals, as in man, only under conditions 
of considerable stress (von Euler & Hellner, 1952); Wada, Seo & Abe (1935a, b) 
found that moderate exercise or the ingestion of cold water in unanaesthetized 
dogs did not increase the medullary secretion of catechols, measured as 
adrenaline, in the suprarenal venous blood. However, either severe physical 
exercise associated with futigue or immersion in cold water resulted in a 
marked rise in catechol secretion. 

The output of adrenaline and noradrenaline from the suprarenal medulla 
in the anaesthetized cat at rest and under stress has been measured by collec- 
tion of suprarenal venous blood (Kaindl & von Euler, 1951; Duner, 1953; 
von Euler & Folkow, 1953; Folkow & von Euler, 1954) with subsequent 
biological assay on the cat’s blood pressure and fowl’s caecum; and by 
Celander (1954) using the response of the denervated nictitating membrane 
in the stressed cat to indicate the level of excretion from the suprarenal glands. 
Increased excretion of adrenaline and noradrenaline was observed after such 
stimuli as carotid occlusion, asphyxia, splanchnic and sensory nerve stimulation 
and hypothalamic stimulation. The most effective stimulus was asphyxia and 
Celander estimated that 1 ug adrenaline was released per minute. This value 
was, however, only found in the terminal stages of asphyxia, and Folkow 
(1955) has suggested that lug adrenaline and noradrenaline is a large dose 
for a single injection in a cat. The doses, 0-05-0-25 ug/kg, required to produce 
respiratory responses in a sensitive preparation in the present experiments 
fall well below Folkow’s ‘large dose’. 


SUMMARY 


1. Experiments in the anaesthetized animal demonstrate that the respiratory 
response to intravenously administered adrenaline or noradrenaline are inde- 
pendent of the integrity of the vagus, the carotid and aortic buffer regions, 
the spinal cord below the level of the eighth cervical vertebra and the entire 
visceral contents. The action of both amines is widespread throughout the 
body, and it is possible that their effect on respiration is the result of a 
summation of stimuli and that the removal of one, or even several together, 
would not abolish the respiratory response. 

2. Vertebral intra-arterial injections of the amines do not influence respira- 
tion. This does not entirely exclude the possibility that they might act directly 
on the respiratory centre. In support of the hypothesis that the action of the 
amines on respiration when given intravenously is partly a direct one on the 
respiratory centre itself, are the following observations; the inhibition of 
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reversal of the adrenaline hyperpnoea—an inhibition of respiration—in the 
decerebrate cat; the inhibition of respiration by noradrenaline in the cat and 
dog but a stimulation of respiration by noradrenaline in man and in the rabbit. 
The phenomena would suggest that there has been an alteration in balance 
between excitatory and inhibitory states in the respiratory centre. 

3. It is unlikely that the respiratory response to adrenaline in the anaes- 
thetized animal is secondary to vasoconstriction in the respiratory centre or 
any other receptor causing a reflex response, for the hyperpnoea persists after 
dibenyline. However, one explanation of the discrepancy between the results 
of intravenous and intra-arterial injection is that adrenaline stimulates 
respiration after it has been converted into another substance. If this is true, 
then it may be this new substance, which is not antagonized by the blocking 
agent but which may, nevertheless, be causing vasoconstriction in the receptor 
area. 


My thanks are due to Professor Henry Barcroft for suggesting the problem. 
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THE EFFECTS OF LOWERING THE BATH TEMPERATURE ON 
THE RESPONSES OF THE ISOLATED GUINEA-PIG ILEUM 


By I. R. INNES, H. W. KOSTERLITZ anv JUDITH A. ROBINSON 
From the Department of Physiology, University of Aberdeen 
(Received 4 March 1957) 


In an analysis of inhibitors of the peristaltic reflex of the isolated guinea-pig 
ileum, Kosterlitz & Robinson (1957) showed that gradual cooling of the pre- 
paration affected first the emptying and then the preparatory phase. Co- 
ordinated contractions of the circular muscle ceased at about 21° C, while at 
16° C the contractions of the longitudinal muscle were reduced to less than 
half the control values. The present paper examines the effects of lowering the 
temperature of the organ bath on the action of various substances causing 
a contraction of the longitudinal muscle layer either directly or through the 


medium of nervous structures. A preliminary account of some of these findings 
has already been given (Kosterlitz & Robinson, 1956). 


METHODS 


When the reflex contraction of the longitudinal muscle layer was compared with the contraction 
caused by drugs, Trendelenburg’s method (1917) was used or, for isometric recording, the method 
described in an earlier paper (Kosterlitz, Pirie & Robinson, 1956). As the temperature sensitivity 
of the condenser myograph used in the latter technique made a recording immediately after 
altering the bath temperature impossible, a mechano-electrical transducer (RCA 5734) was 
substituted in the later experiments. The anode pin was extended by a Perspex rod of 1-2 mm 
diameter and about 10 mm length. The preparation was attached by a silver chain fixed to the 
Perspex rod at a suitable distance from the metal diaphragm carrying the anode. The changes in 
anode impedance were measured by making the transducer the variable component of a balanced 
d.c, bridge (Ranney, 1954), the output of which was fed into the d.c. amplifier of a pen 
oscillograph. 

The bath fluid was Tyrode solution with a low MgCl, content (0-01 g/l.), aerated with O,. There 
were intervals of 3 or 4 min between the individual experimental procedures such as eliciting the 
reflex or the addition of drugs to the bath fluid, which usually measured 40 ml. and was renewed 
at least every 6 min. 

The distal end of guinea-pig ileum was used after discarding a length of 10 cm nearest to the 
ileo-caecal valve. When it was desired to inactivate the cholinoceptive synapses of the myenteric 
plexus, hexamethonium iodide (25-30 mg/l.) was added to the bath fluid or, particularly for 
testing the nicotine responses, ileum was used which had been stored at 4°C for 24-72 hr 
(Ambache, 1946), In all experiments, the ileum was set up with an initial tension of 1 g. 
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The ileum was kept in the organ bath at 35° C for 1-2 hr before the experiment in order to 
obtain reproducible responses. The temperature in the organ bath was changed by replacing the 
water of the surrounding bath. This was accomplished in 1-2 min. 

The doses of the drugs are given in weight of base for acetylcholine chloride, carbachol 
(carbaminoylcholine chloride), histamine phosphate, 5-hydroxytryptamine (5-HT) creatinine 
sulphate; in weight of salt for hexamethonium iodide, nicotine bitartrate and barium chloride; 
and in Euler units for substance P. 

In the first group of experiments, which were of an exploratory nature, the effect of lowering 
the bath temperature was tested on single doses of three to five drugs (single dose technique). 
For instance, the amount of longitudinal tension developed at 35° C was determined at intervals of 
3 min, after adding carbachol, nicotine, barium and after raising the intra-intestinal pressure 
(Fig. 1). This series of teste was usually repeated 2-3 times; in this particular experiment there 
were also two runs in the presence of hexamethonium which, however, were not used for ca]culation 
of the average response values. Then the bath temperature was lowered. Since the thermosensitive 
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Fig. 1. The effect of cooling to 18° C on the responses of the longitudinal muscle (single dose 
technique). 15 ml. bath. [leum stored at 4° C for 48 hr. Order of tests: carbachol, intestinal 
distension, nicotine, barium, at intervals of 3 min. ©,, hexamethonium 0-5 mg. Delay 
between responses at cooling and rewarming 8 min. When a drug was omitted in a particular 
run this is indicated by a blank. 
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condenser myograph was used, some time elapsed before resuming the recording. This 
between 25 min in the earlier and 8 min in the later experiments. After 2 or 3 runs at the low 
bath temperature, the temperature was raised again and after an interval of 8-18 min the 
responses were determined in 2 or 3 series of tests. The ranges of doses of the drugs were as 
follows: acetylcholine 0-8-2-5 ug/l., carbachol 5-13 yg/l., 5-HT 25-100 yg/l., nicotine bitartrate 
2-6-5 mg/l., barium chloride 65-160 mg/l. and crude substance P 70-100 Euler units/l. The 
intra-intestinal pressure was raised by 1-3 cm H,0. 

Since these experiments were designed to show up major differences between the temperature 
sensitivities of the various drugs, it was thought best to average for each temperature all values 
recorded before and during cooling and after rewarming. The average values thus obtained were 
expressed as percentage changes (Figs. 3, 4); the standard errors refer to the means calculated 
from experiments on different ilea. Two objections may be raised against this way of presenting the 
results. First, the carbachol responses become depressed after exposure to 13° C for about 90 min 
(Fig. 8). This condition, however, did not apply to these experiments as the cooling time was 
between 32 and 78 min and the temperature was not lowered beyond 18° C. Actually, a depression 
of the carbachol response was observed in one experiment which was included n the results shown 
in Fig. 4, lower half. Secondly, in about one-third of the experiments in which the bath temperature 
was cooled to 18—20° C the first response of carbachol after rewarming was depressed ; these values 
were also included in the calculation of the average results after rewarming, which therefore erred 
somewhat on the low side. 

In the second group of experiments, which were designed to give more detailed information, 
the mechano-electrical transducer was used. Three or four drugs were tested in each experiment 
in doses usually having the ratios 1:1-7:2-9. The smallest dose of each drug was given first, then 
in the same order the medium dose and finally the largest. The drugs were left in the bath until 
the contraction had reached its maximum. The results were plotted as tension against log. dose. 
Two dose-response curves were obtained before lowering the bath temperature, two or usually 
more when the temperature was lowered, and finally two or three more curves after the temperature 
had again been raised to 35° C. The latent periods of the contractions of the longitudinal muscle 
were calculated from the oscillographic records. Since at 35° C the latent periods were short 
compared with the times required for mixing the drugs with the bath fluid, the obtained values 
were only approximate at this temperature. However, this did not affect the results at the lower 
temperatures as the increase in latency was very large indeed. When a drug caused no response 
it was usually left in the bath for 1 min or longer. This waiting period is noted for each experiment 
in the legends to the figures. 

RESULTS 
Effects of lowering the bath temperature to 25° C 
In a preparation stored at 4° C for 48 hr, lowering of the bath temperature 
from 35° to 25° C resulted in an upward shift of the dose-response curves of 
carbachol and histamine with no changes in latent periods detectable by the 
method used. On the other hand, the responses of the longitudinal muscle 
coat to nicotine and barium were depressed at 25° C and the latent periods 
prolonged, particularly for the lower doses (Fig. 2). Similarly, it was shown 
with the single dose technique on fresh ileum preparations in the presence of 
hexamethonium that the effect of raising the intra-intestinal pressure and 


possibly also the action of 5-HT were reduced at 25° C (Fig. 3). While there 


was no significant change in the contractions after acetylcholine, the carbachol 
responses were probably potentiated. 
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Fig. 2. The effect of cooling to 25° C on the responses of the longitudinal muscle. Dose-response 
curves and latent periods for carbachol, barium, histamine and nicotine, added in this order 
(see Methods). Ileum stored at 4°C for 48hr. @—@ 35°C; O—O after 35-70 min at 
25° C. 40 ml. bath. 
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Fig. 3. The effect of cooling to 25° C on the responses of the longitudinal muscle to acetylcholine 
(ACh), carbachol (C), intestinal distension (PR) and 5-hydroxytryptamine (5-HT). Single 
dose technique. Fresh ileum in the presence of hexamethonium (25 mg/l.). Left columns, 
35° C; middle columns, 25° C; right columns, 35° C. The vertical lines above the columns 
indicate half the standard errors of the means and the figures in brackets the numbers of 
experiments. 
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Effects of lowering the bath temperature to 20-17° C. 

When the temperature was lowered to 20-17° C, there was in almost all 
preparations a long-lasting contraction of the longitudinal muscle. Tension 
increases between 0-5 and 4 g were observed, diminishing slowly over a period 
of 15-20.min. When a tension increase was large, the superimposed responses 
to drugs appeared to be depressed, as, for instance, for the smallest doses of 
carbachol in Fig. 5 and of histamine in Fig. 8. Many of the stored preparations 
responded with a transient increase in tension on rewarming. This ‘warm’ 
contraction was found only in 1 out of 10 experiments on recently excised ilea. 


% of tension developed at 35°C 


ACh (3) C (6) PR (7) Ba (5) P (4) N (5) 

Fig 4. The effect of cooling to 18-20° C on the responses of the longitudinal muscle to acety|- 
choline (ACh), carbachol (C), intestinal distension (PR), barium (Ba), crude substance P 
(P), 5-hydroxytryptamine (5-HT) and nicotine (N). Single dose technique. Upper half: 
fresh ileum in the presence of hexamethonium (25 mg/l.) ; lower half: ileum stored at 4° C for 
24-72 hr. Left columns, 35° C; middle columns, 18-20° C; right columns, 35° C. The vertical 
lines above the columns or the white lines within the columns indicate half the standard 
errors of the means and the figures in brackets the number of experiments. 


The results obtained with the single dose technique on fresh preparations 
in the presence of hexamethonium and on ileum stored for 24-72 hr at 4° C 
are summarized in Fig. 4. No significant differences between their actions at 
35 and 20° C were found for acetylcholine and carbachol. The responses to 
barium, 5-HT, nicotine and raising the intra-intestinal pressure were depressed 
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at 20° C and were more or less completely restored by rewarming to 35° C. The 
effect of substance P was depressed in the fresh ileum but in the stored ileum 
the variability of the responses was too large to permit of any definite con- 
clusions. Although cooling appeared to depress the responses to acetylcholine, 
there was no recovery on rewarming ; therefore this effect was probably due to 
a progressive deterioration of the acetylcholine responses. It is of interest to 
note that in preparations stored for 48 hr (Fig. 1) and 72 hrthe nicotine response 
was still specifically inhibited by hexamethonium. 


i i 
01 0170-29 0150-25043 06 1-0 17 18 30 50 
Carbachol (4g) Histamine (ug) Barium (mg) Nicotine (ig) 


Fig. 5. The effect of cooling to 17° C on the responses of the longitudinal muscle. Dose-response 
curves and latent periods for carbachol, histamine, barium and nicotine, added in this order. 
Tleum stored at 4° C for 48hr. @—@, 35°C; O—O, after 3-33 min at 17°C; x—x, 
after 36-69 min at 17° C. 40 ml. bath. Waiting period (no response), barium 60 sec, nicotine 
90 sec. 


More detailed information was obtained for some of the drugs by means of 
dose-response curves. In an ileum which had been stored at 4° C for 48 hr, 
lowering of the bath temperature caused a potentiation of the carbachol and 
histamine responses in two subsequent runs, taken during the first and second 
half hours after cooling (Fig. 5). At the same time, the latent periods rose 
significantly during this time. On the other hand, the barium and nicotine 
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responses became progressively depressed during the first half hour of cooling 
and were absent during the second half hour. The latent periods reached very 
high values, particularly in the case of nicotine. That the ileum had been 
stored for 48 hr before the experiment was of no significance, since funda- 
mentally similar effects were obtained with a freshly excised ileum (Fig. 6). 
There was, however, a more pronounced potentiation of the carbachol 
responses during cooling. Further, the responses to nicotine and particularly 
to barium were potentiated in the first run after cooling but were depressed 
in the second run, while the carbachol responses remained potentiated. The 
latent periods were again prolonged, much more markedly for barium and 
nicotine than for carbachol. The responses to 5-HT were also depressed by 
cooling (Fig. 7). In this particular experiment the action of carbachol was not 
potentiated at 17-5°C and that of histamine slightly depressed. However, 
the effect on the size of contraction and the duration of the latent period was 
considerably larger for 5-HT than for histamine. 


Effect of lowering the bath temperature to 13° C 

When the bath temperature was lowered to 13°C there was not only a 
depression of the actions of nicotine, 5-HT and barium, but also, after a 
transient potentiation, a depression of the actions of carbachol and histamine. 
In the experiment shown in Fig. 8, the carbachol responses were potentiated 
for the first 90 min after the bath had been cooled to 13° C, while the histamine 
responses showed only minor changes during the first two runs. The apparent 
depression of the two lower doses of histamine during the first run after cooling 
was due to the fact that the ileum used in this experiment reacted particularly 
strongly to the ‘cold’ stimulus; the basal tension at the time of the smallest 
dose of histamine had risen from 1 to 5 g and did not return to its initial value 
until the largest doses of the first run were given. After the ileum had been 
kept at 13° C for 1 hr the histamine responses became depressed and 30 min 
later the carbachol responses started to diminish also. It is of interest to note 
that the latent periods became longer while the contractions were still 
potentiated. In the later stages the latent periods observed for the smallest 
doses of carbachol and histamine were very long indeed. The nicotine responses 
were depressed from the very beginning; it should be noted, however, that 
during the first run the tension developed after the largest dose reached almost 
normal values although the latent period was 95 sec. 


The immediate effects of rewarming the ileum 
In the course of the experiments it was observed that, on rewarming, the 
contractions due to acetylcholine, carbachol and histamine were often 
depressed for 15-20 min. Since it is possible that the prolonged increase in 
tension which sometimes occurs after rewarming may reduce the size of 
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Fig. 6. The effect of cooling to 17° C on the responses of the longitudinal muscle. Dose-response 
curves and latent periods for carbachol and barium, and for carbachol and nicotine, added in 
this order. Two preparations of fresh ileum (A and B), @—@, 35°C; O—O, after 
6-27 min (A) and 3-36 min (B) at 17°C; x— x, after 30-51 min (A) and 39-72 min (B) at 
17°C. 40 ml. bath. Waiting period (no response), 75 sec, 
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Fig. 7. The effect of cooling to 17-5° C on the responses of the longitudinal muscle. Dose-response 
curves and latent periods for carbachol, 5-hydroxytryptamine and histamine, added in this 
order. Ileum stored at 4° C for 48hr. @—@, 35°C; O—O, after 3-35 min at 17-5° C; 
x—x, after 38-71 min at 17-5° C. 40 ml. bath. Waiting period (no response), 80 sec. 
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contractions caused by drugs, a preparation was selected in which the ‘warm’ 
response was absent (Fig. 9). There was the usual potentiation of the carbachol 
response to cold and after rewarming the smallest dose did not cause any 
contraction while the other two doses were slightly depressed, The next two 
runs yielded responses which were almost as large as before cooling. It seems 
to be of significance that the latent periods were prolonged during the potentia- 
tion of the responses at 17° C but returned immediately to normal on rewarming 
although the responses were depressed. Similar results were obtained with 
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Fig. 8. The effect of cooling to 13° C on the responses of the longitudinal muscle. Dose-response 
curves and latent periods for carbachol, histamine and nicotine, added in this order. [eum 
stored at 4° C for 24 hr. @—@, 35° C; O—O, after 3-31 min at 13° C (omitted for carbachol) ; 
x— x, after 35-74 min at 13°C; A—A, after 78-103 min at 13° C; A—A, after 111-140 min 
at 13°C; (—(, after 143-161 min at 13°C. 40 ml. bath. Waiting period (no respense), 
120 sec. 


acety 
first 
An 
18 sh 
19° 
prep 
conti 
rewa 
the 
| 5 How 
depr 
secol 
4 
= r tract 
recol 

2 
1 ya It is 
A susce 
cont 
of tl 
4 100 caus 
80 Simi 
cont 
origi 
i to bi 
whic 
40 with 
atte 
20 ‘wal 
subc 
decr 
of tl 
is re 
the | 
emp 
Alth 


COOLING OF ISOLATED GUINEA-PIG ILEUM 405 
acetylcholine which, in the smaller doses, was slightly potentiated during the 
first run after cooling. 

An experiment in which both ‘cold’ and ‘warm’ contractions were absent 
is shown in Fig. 10. When after lowering the bath temperature from 35 to 
19° C the peristaltic reflex was elicited, there was an inhibition of the emptying 
phase and a transient depression of the longitudinal contraction of the 
preparatory phase. The carbachol contractions were potentiated, the histamine 
contraction scarcely changed and the 5-HT contraction was depressed. On 
rewarming, the emptying phase of the reflex reappeared immediately, although 
the longitudinal contractions of the preparatory phase were still below normal. 
However, the carbachol and histamine contractions were now very much 
depressed ; they were, in fact, smaller than the contraction after 5-HT. In the 
second run after rewarming the responses had all returned to normal. 

The tracing of Fig. 10 shows the characteristic slowing of the rate of con- 
traction at the lower bath temperature. This was also observed when isometric 
recording was used. Rhythmic changes in length or tension are always slight 
in guinea-pig ileum: when present, they were abolished by cooling. 


DISCUSSION 

It is a well-known fact that isolated smooth muscle preparations are very 
susceptible to changes in temperature. Gradual cooling usually causes a 
contraction and warming a relaxation (Evans, 1926). Under the conditions 
of the experiments described in this paper, cooling often, but not always, 
caused a transient increase in the tension of the isometrically suspended 
guinea-pig ileum, on which contractions due to drugs could be superimposed. 
Similarly, a transient shortening was observed with isotonic recording. As the 
contraction due to cooling lasted for only 15-20 min, after which time the 
original tension of 1 g was reached again, no relaxing effect of rewarming was 
to be expected. It was rather surprising to find that most of the preparations 
which had been stored at 4° C for 24-48 hr before the experiment responded 
with a transient contraction not only to cooling but also to rewarming. No 
attempt has been made to analyse the conditions favouring the ‘cold’ and 
‘warm’ contractions as this is not the main purpose of this investigation. 
As far as the effects of lowering the bath temperature on the responses of 
the guinea-pig ileum are concerned, it would appear that they can be roughly 
subdivided into three classes. The mechanism which is most sensitive to a 
decrease in temperature is the reflex arc responsible for the emptying phase 
of the peristaltic reflex (Kosterlitz & Robinson, 1957). This phase of the reflex 
is readily inhibited by other means, for instance, hexamethonium or storage of 
the ileum at 4° C for 24 hr. While lowering the bath temperature inhibits the 
emptying phase reversibly, the damage done by storage is irreversible. 
Although it is customary to store ileum at low temperatures, it is not the cold 
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Fig. 9. The effect of cooling and rewarming on the responses of the longitudinal muscle. Dose- 
response curves and latent periods for carbachol and acetylcholine added in this order. 
Fresh ileum. Cooling: @—@, 35°C; O—O, after 14-44 min at 165°C; x—x, after 
47—76 min at 16-5° C. Rewarming to 35° C: x — x, after 4-31 min; O—O, after 34—57 min; 
@—@, after 60-90 min. 40 ml. bath. Waiting period (no response), 50 sec. 


Fig. 10. The effect of cooling and rewarming on the peristaltic reflex (R), caused by 3 cm H,O 
intra-intestinal pressure, and on the isotonic contractions after 0-4 ug carbachol (C), 0-3 ug 
histamine (H) and 4 yg 5-hydroxytryptamine (HT). 40 ml. bath. Fresh ileum. First 
4 responses at 35° C, next 8 responses at 19° C and last 8 responses at 35° C. Interval between 
the last response at 35° C and the first at 19° C 10 min and between last response at 19° C 
and the first dose at 35° C 4 min. Otherwise, the intervals between responses were 3 min. 
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which causes the irreversible change since Gunn & Underhill (1915) have shown 
that this damage occurs more rapidly at 37° C than at 3~7° C, 

The inhibition of the contraction of the circular muscle during the emptying 
phase is complete when the bath temperature is lowered to just below 25° C. 
At this stage the contractions of the longitudinal muscle coat due to nicotine, 
barium and 5-HT are slightly depressed as is the longitudinal contraction of 
the preparatory phase of the peristaltic reflex. On the other hand, the con- 
tractions due to carbachol are almost always potentiated while those due to 
acetylcholine and histamine may or may not be increased. 

When the bath temperature is lowered to 17-20° C the depression of the 
reflex arc of the preparatory phase is very marked. Further, the inhibition of 
the barium, nicotine and 5-HT contractions becomes complete after about 
1 hr at 17° C, while there is usually still a potentiation of the carbachol con- 
tractions. The action of carbachol, and usually also that of histamine, is signifi- 
cantly depressed only when the bath temperature has been at 13° C for 1-1} hr. 

There is little doubt that in the peristaltic reflex the contractions of both 
muscle coats are reflex in nature (Kosterlitz & Robinson, 1957). Further, it is 
generally assumed that the main action of acetylcholine, carbachol and his- 
amine is on receptors in the smooth muscle cells. The situation is not quite so 
clear in the case of the contractions caused by 5-HT and barium ions. In this 
connexion it is of interest that in the guinea-pig ileum small doses of morphine 
inhibit both phases of the peristaltic reflex (Trendelenburg, 1917; Schaumann, 
1955; Kosterlitz & Robinson, 1955, 1957), the longitudinal contraction due to 
nicotine (Schaumann, 1955), 5-HT (Kosterlitz & Robinson, 1955) and barium 
ions (Kosterlitz & Robinson, unpublished results). These observations seem 
to suggest that drugs depressed by cooling are also inhibited by morphine. The 
one exception found so far is the contraction due to crude substance P, which 
is inhibited by cooling but not by morphine. Unless one wishes to assume that 
some receptors in the smooth muscle cells are both temperature and morphine 
sensitive while others are not, the most likely interpretation of the known facts 
is that the longitudinal contraction of the preparatory phase of the peristaltic 
reflex and the contractions due to barium, nicotine and 5-HT are mediated 
by nervous elements. This view is supported by the fact that, in the guinea-pig 
ileum, botulinum toxin type D inhibits the actions of nicotine, barium and 
5-HT but not of acetylcholine and histamine (Ambache & Lessin, 1955). _ 

The effects of cooling on the latent period of the longitudinal contraction 
seem to be in agreement with this view. In identical circumstances the latent 
period is lengthened much more for the contractions caused by barium, 
nicotine and 5-HT than for those caused by acetylcholine, carbachol and 
histamine. The lengthening of the latent period of the carbachol and 
histamine contractions is probably due to the considerably slowed activation 
of the contractile units at low temperatures. On the other hand, when nervous 
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elements are involved, the lowered temperature will in addition affect conduc- 
tion of the impulse to the neuromuscular junction and the release of the 
transmitter at the junction. 

Nothing definite can be said about the sites of the temperature-sensitive 
elements. In preparations in which synaptic transmission has been inactivated 
by storage, nicotine, barium and 5-HT act on structures somewhere between 
the ultimate synaptic junction and the muscle cell. This includes the hexa- 
methonium-sensitive post-synaptic or ‘post-ganglionic’ neurone since in the 
stored ileum the nicotine, but not the barium and 5-HT, contractions are 
specifically inhibited by hexamethonium. It should be added that in fresh 
ilea with intact synaptic transmission the effects of nicotine and barium are 
much more complex than in the stored preparations. 

These concepts find some support in the findings of Gillespie & Wishart 
(1957) that cooling of the rabbit colon first inhibits the contraction due to 
preganglionic stimulation of the pelvic nerves, then the action of nicotine and 
lastly that of acetylcholine. 

No explanation can be offered for the depression of the acetylcholine, 
carbachol and histamine contractions immediately after rewarming. 


SUMMARY 


1, Gradual cooling of the bath temperature affects the activity of the 
isolated guinea-pig ileum in roughly three steps. There is, however, a con- 
siderable overlap between these stages. 

2. The emptying phase of the peristaltic reflex is the mechanism most 
susceptible to lowered temperature. Cooling from 35° C to 25-20° C abolishes 
this phase of the reflex. 

3. Cooling to 25-17° C progressively inhibits the longitudinal contraction 
due to intestinal distension (the preparatory phase of the reflex) and also the 
action of nicotine, 5-hydroxytryptamine, barium and crude substance P. 

4. The action of carbachol is usually potentiated when the bath temperature 
is lowered to 25~17° C, while the actions of acetylcholine and histamine may 
or may not be increased. Prolonged exposure to 13° C eventually leads to 
a depression of the action of these three drugs. 

5. Cooling causes a very substantial lengthening of the latent period even 
before the contraction of the muscle becomes inhibited and, in the case of 
carbachol, while its action is still potentiated. 

6. As the effects on the longitudinal muscle layer of nicotine, 5-hydroxy- 
tryptamine, barium and intestinal distension are inhibited not only by 
moderate cooling but also by morphine, it is suggested that these stimuli act 
indirectly through nervous elements. Carbachol, acetylcholine and histamine 
are not affected by either inhibitor. 


Valuable technical assistance was rendered by Mr W. J. Davidson and Mr J. McConnachie. 
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THE HYPOTHALAMUS AND LACTATION IN THE RABBIT 
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The factors and mechanisms involved in the maintenance of established lacta- 
tion are as yet unresolved. There is no doubt that the adenohypophysis is 
essential in this process since milk secretion ceases abruptly after hypophy- 
sectomy (cf. Folley, 1952). In more recent work on the rat Bradley & Cowie 
(1956) found that the pups could not obtain milk from the mother as early as 
16 hr after hypophysectomy although oxytocin was given before suckling. 
Some specific action of the pituitary secretion would seem to be implied in this 
work, since removal of ovaries, parathyroids, thyroids or adrenals did not 
occasion the same result. It has, indeed, long been established that the adeno- 
hypophysis secretes a lactogenic hormone (Stricker & Grueter, 1928), now called 
prolactin, which can act directly upon the mammary gland to promote 
glandular proliferation and milk formation. On the other hand, both pheno- 
mena can be influenced by several other pituitary hormones; the importance 
of ACTH and growth hormone has been stressed in recent years (see Cowie & 
Folley, 1955). 

The concept that the secretion of prolactin (or of the constellation of pitui- 
tary lactogenic hormones, Folley & Young, 1941) may be under neural control 
has largely arisen from the work of Selye (1934), Selye & McKeown (1934a, b) 
and Selye, Collip & Thomson (1934). These investigators showed that sensory 
stimuli (e.g. sucking) applied to the nipple prevented mammary involution in 
glands in which the egress of milk had been blocked. Such stimuli could also 
interrupt the regular oestrous cycles of rats and mice, produce functional 
corpora lutea and develop the mammary glands to a fully lactational state. 
Subsequent work intended to define a central pathway and to elucidate the 
importance of the functional link between hypothalamus and hypophysis has 
given equivocal results (Cowie & Folley, 1955; Harris, 1955). In experiments 
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involving pituitary stalk section attention has not always been paid to the 
question of regeneration of hypophysial portal vessels across the point of stalk 
division, and to the effect of this operation upon the neurohypophysis. In the 
latter case the secretion of oxytocin frequently ceases and ejection of milk from 
the mammary gland then fails to occur, with consequent death of the litter. 

In the present work the effect of lesions in various parts of the hypothalamus 
and pituitary stalk on lactation in the rabbit has been examined with the 
above points in mind, Regeneration of hypophysial portal vessels was checked 
by serial section of the pituitary stalk region following vascular perfusion with 
indian ink, whilst oxytocin was given to all rabbits, normal or experimental, to 
ensure continuance of milk ejection. Toward the end of this work it became 
apparent that the use of oxytocin itself may have introduced a complicating 
factor, for Benson & Folley (1956) reported that injection of oxytocin into 
lactating rats significantly retarded the involution of the mammary gland 
which normally follows the removal of the litter. This effect could arise from 
secretion of prolactin elicited by oxytocin. 


METHODS 


Rabbits of mixed stock, weighing between 1-8 and 3-9 kg, were used. They were fed on the Medical 
Research Council’s diet 18 (Associated London Flour Millers Ltd.) mixed with oats and bran and 
supplemented with greens and carrots. Water was always available. Some operated and some 
control animals were also given about 250 ml. milk and about 50 g bread daily from parturition. 
The litters were separated from the does when 3-5 days old and a regime of once-daily nursing 
instituted. Each morning the litter and the mother were weighed and the mother given an intra- 
muscular injection of 500 m-u. oxytocin (Pitocin: Parke, Davis and Co. Ltd.). The litter was then 
placed with the mother for 10-30 min. By weighing the doe and the litter at the end of this period 
the weight of milk transferred to the young was found. Rabbit litters grew quite normally under 
this routine. Oxytocin was injected to control the effect of subsequent manipulations on the milk- 
ejection process (Cross, 1955). 

Lesions were placed under anaesthesia with pentobarbitone sodium (Nembutal: Abbott Labora- 
tories, 40 mg/kg body weight, 1.v.). The head was fixed in a stereotaxic apparatus and so adjusted 
that the junction of the sagittal and coronal sutures (bregma) lay perpendicularly above the pitui- 
tary stalk. After opening the skull at bregma a glass-insulated platinum wire electrode was lowered 
into the hypothalamus and the position of its tip, 1 mm of which was uninsulated, was checked by 
radiography. With a rectal electrode in place, anodal lesions were made in the hypothalamus by 
passing @ current of 3 mA at each point for 60 sec. Nine lesions, 1 mm apart, were placed in each 
animal in three rows of three in the same horizontal plane so that a block of tissue intended to be 
about 1-5 mm high and 3-0-3-5 mm square was destroyed. In blank operations the procedure 
outlined above was followed exactly but current was not passed when the electrode was in place. 

Each rabbit was eventually killed with pentobarbitone sodium and the head perfused with at 
least 300 ml. of a 1:3 mixture of indian ink (‘Mandarin Black’: Winsor and Newton Ltd.) and 
distilled water either through the thoracic aorta or, in equal amounts, through the common 
carotid arteries. After removal of the calvarium and the exposed dura mater, the head was fixed 
in 10% formalin, decalcified in a mixture of formic acid and sodium formate (Engelbreth- -Holm & 
Plum, 1951) and embedded in low viscosity nitrocellulose. The hypothal pituitary region was 
serially sectioned at a thickness of 60 or 100. The adrenals and ovaries were weighed fresh and the 
thyroid gland after perfusion with Indian ink. The mammary glands were examined and their 
condition noted, 
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RESULTS 
Normal rabbits 


Milk yield. Of the two methods used to measure the daily milk yield in 
the rabbit (change in mother weight, gain in litter weight), that based on the 
fall in mother weight over the nursing period proved the more reliable since 
micturition frequently accompanies feeding in the infantile rabbit. Approxi- 
mately the same amount of milk was produced whether the litter numbered 
two or eight young, and the milk output did not alter with change in litter size. 


0 1 
Days post-partum 
Fig. 1. Mean daily milk yield of a series of eight normal rabbits (thick line), together 
with the standard error (thin lines). 


Milk yield 


1 


Weeks post-partum 
Fig.'2. Rabbit 886. To show the fluctuations in milk yield with mother weight 
in a normal rabbit. 


The average output of milk varied between 80 and 150 g/day, and the results 
from a series of eight normal lactation periods are plotted in Fig. 1. An 
extreme example of the variation encountered is illustrated in Fig. 2, which 
supplies detailed information on the course of lactation in one of the normal 
rabbits (886). The rhythmic changes in milk yield are quite striking and are 
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correlated with the changes in the body weight of the mother. Similar findings 
of a fall in mother weight during lactation in other rabbits prompted a study of 
the effect of an enriched diet consisting of at least 250 ml. milk per day together 
with liberal amounts of bread, cabbage and carrots in addition to the freely 
available diet 18, oats and bran. Under these conditions the fall in mother 
weight was arrested or frequently reversed and the output of milk rose, as 
illustrated for rabbit A58 in Fig. 3. In this instance where lactation was 
prolonged the doe lost weight and there was a concomitant fall in milk yield 
and litter growth. With the provision of an enriched diet the mother’s weight 
and milk yield rose and the growth of the litter was resumed. In view of these 
results a fortified diet was given throughout the course of lactation to sub- 
sequent rabbits with lesions. 


Litter weight 41500 


5 


Mother weight 


Milk yield 


Weeks post-partum 

Fig. 3. Rabbit A58, To show the effect of a fortified diet upon mother weight and litter growth. 

Note that the growth curve of the litter is linear from the second to the fourth week of 
lactation. 
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Growth of litter, Analysis of the growth curves of a large series of litters 
of normal rabbits showed that over the first four weeks of lactation the curves 
follow straight lines (see Fig. 3). At the end of this phase the curve may 
flatten off for several days and then, as the young start taking solid food, 
resume a steep slope. The intermediate flattening of the curve probably indi- 
cates the initiation of weaning when the supply of milk becomes inadequate 
for normal growth and solid food is taken. From the age of 3-4 days onward 
the mean daily increase in weight of the litters of thirteen normal rabbits over 
the first four weeks of lactation was 50 g (range 41-61 g). In an additional 


_ series of twenty rabbits in which normal lactation was followed for shorter 
_ times the average daily increase in weight of the litter was 56 g. 
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Milk yield—litter-growth relationship. When the daily milk yield was com- 
pared with the daily gain in litter weight, that is 
daily litter weight increment 
daily milk yield 
it became apparent that under normal conditions the gain in litter weight 
equalled approximately half of the weight of milk consumed on the previous 
day. The average figure for nineteen animals was 48% (range 38-66%). 


x 100, 


- In the results which follow, any changes in the level of lactation will be 
recorded as changes in the rate of litter growth or in milk yield. Whilst it was 
found that alterations in milk yield were always accompanied by changes in 
litter growth the converse is not applicable, since the growth of the litter some- 
times fell sharply, although the milk yield was unaltered. This observation 
would appear to indicate a change in the nutritive value of the milk, the nature 
of which is as yet unknown. The composition of the milk has not been examined 
in the present study. In those animals in which litter growth was not recorded 
the absence of changes in milk yield does not therefore necessarily mean that 
the lesions had no effect. On the other hand, it seems justifiable to infer from 
recorded changes in milk yield a fall in litter growth rate in cases where litter 
growth was not measured. 

In four rabbits the effects of sham operations on lactation were studied. 
A sham operation entailed the insertion of the ‘lesioning’ electrode at all the 
normal co-ordinates but the current was not switched on. An immediate fall in 
milk yield was invariably found which lasted one or two days and was asso- 
ciated with loss of weight by the mother. In one striking instance (939) the 
milk output fell from 140 g/day to about 40 g/day, where it remained for three 
weeks. This animal sustained a marked loss in body weight and recovered only 
slowly from the operation although the hypothalamus was seen to be histo- 
logically normal. The effect of Nembutal anaesthesia alone was studied in a 
series of twelve rabbits. Some rabbits were anaesthetized on one occasion only, 
others were anaesthetized daily before or after nursing. A single period of 
anaesthesia only slightly affected the milk output but with several injections 
the food intake of the rabbit was reduced and the findings became difficult to 
interpret. 

The results from rabbits bearing lesions have been classified into six groups, 
according to the position of the lesion. In two animals there was severe necrosis 
of the pars distalis, in three the pituitary stalk was severed and there were no 
vascular connexions between the hypothalamus and hypophysis, and in seven 
rabbits the pituitary stalk was involved in the lesion but the portal vessels were 

not completely disrupted. Lesions in other animals were located in the optic 
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chiasma (1 rabbit), infundibular region without damage to the stalk and 
portal vessels (5 cases), and the posterior hypothalamus (2 animals). Thus 
findings are reported on twenty rabbits with lesions placed between the eighth 
and seventeenth days of lactation in which lactation was followed for at least 
eleven days postoperatively. In addition the observations on two rabbits in 
which the pituitary stalk was divided surgically (Donovan, Harris & van der 
Werff ten Bosch, unpublished) are included here. 

Severe pituitary damage was found in two rabbits. In one of these (A60) 
only a very thin shell of pars distalis tissue lining the sella turcica remained. 
Lactation in this animal was immediately disturbed. The milk output fell 
abruptly from a preoperative level of approximately 90 g/day to about 
45 g/day and then progressively declined. Within a week three of the five 
members of the litter of A60 died. Necrosis of the pars distalis was less in 
the second case (A97), in which portal vessel connexions between median 
eminence and pars distalis were intact anteriorly. Here, apart from the usual 
immediate post-operative fall in milk yield, the production of milk showed a 
relatively slow decline, being some 57 % of the preoperative level after a fort- 
night. Normal litter growth was maintained for a week and then began to fall 
away. The normal body weight of A97 was maintained after the operation 
whilst that of A60 increased substantially. In both animals the ovaries were 
found to be very small. 

The portal vessels had been completely destroyed by large basal electrolytic 
lesions in three rabbits. In two (980, A9) the volume of milk secreted was 
maintained at a normal rate; no effect was discernible in the milk output curve 
other than the immediate transient post-operative fall. In the third doe (A 89) 
the milk yield continued at preoperative level for a week and then began to 
decline. On the other hand, the rate of growth of all three litters was perma- 
nently reduced by the operation. This observation is illustrated for rabbit 980 
in Fig. 4. As with 980 and A9, the body weight of A89 was well maintained 
and the does remained quite fit. In a fourth rabbit (A 61) a well-placed lesion 
had destroyed the pituitary stalk leaving only a very few minute connexions 
between a fragment of median eminence below the lesion and the anterior 
pituitary. The observations on this rabbit were in good agreement with those on 
A9, 980 and A89. Full milk yield curves are not available for the additional 
two rabbits in which the pituitary stalk had been divided surgically and in 
which portal vessel regeneration had been completely prevented by the inser- 
tion of a waxed paper plate between the median eminence and hypophysis. 
There is no doubt, however, that the growth of each litter was greatly slowed 
although the findings are somewhat complicated by the considerable loss of 
weight sustained by each rabbit. It was remarkable, however, that one 
animal (A 69), which lost much weight, continued to produce over 100 g milk 
per day for almost a fortnight after the operation (Fig. 5). 
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More variable effects on milk yield were seen in the group of rabbits with 
severe pituitary stalk damage involving but not destroying all of the portal 
vessels. In two rabbits (A85, AH 1052) there was no significant effect on 
either milk output or litter growth for some ten days after the operation, at 
which time the milk yield began to fall. Rabbit AH 1012 showed no effect on 


Mother weight 


Weeks post-partum 
Fig. 4. Rabbit 980. To show the effect of destruction of the hypophysial portal vessels upon lacta- 
tion, Although the milk yield remains unaltered the rate of litter growth is slowed. The 
immediate post-operative loss of weight by the mother is clearly indicated in this case. 


either milk yield or litter growth. All three had sustained severe median 
eminence damage and in A85 and AH 1052 it was clear that the portal vessels 
had been destroyed and had regenerated. In AH 1012 the anterior border of 
the lesion involved the stalk but left vascular connexions intact. The main 
portion of the lesion was posterior to the stalk, basal, and formed a solid block 
across the floor of the hypothalamus. The milk output was immediately and 
permanently depressed by the lesion in 912, 934 and 941. The effect was 
particularly striking in the last animal but in this case, as in 934, interpreta- 
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tion is rendered difficult because of a simultaneous loss of weight by the doe 
which did not occur in A85, AH 1012 and AH 1052. Also in 941, as this rabbit 
regained her preoperative weight, so the milk yield exhibited a partial 
recovery. 

Lesions in the infundibular region not involving the pituitary stalk were 
found in five rabbits. The milk output and rate of litter growth fell in only one 
(887). Here the lesion destroyed the central and posterior parts of the median 
eminence and lay immediately above the portal vessels. The other lesions had 


Operation 


Litter weight 71000 


13800 
13300 
Milk yield 


Weeks post-partum. 
Fig. 5. Rabbit A69. To show the effect of surgical stalk section on lactation. There is a marked 
effect upon the growth of the litter although the milk yield is not greatly altered. The sub- 
sequent decline in milk yield parallels the substantial loss of weight by the mother. 


no effect on milk yield and they were situated immediately posterior to the 
primary plexus and unilateral (890, 892) or in the mid line (974), or (in 950), 
immediately above and slightly distorting the primary plexus in a position 
similar to that in 887. Litter weights were not recorded in these latter instances, 
but all the young remained in excellent health after the operation on the 
mothers. 

One rabbit (932) was found to have a lesion in the optic chiasma sufficiently 
far forward in the anterior hypothalamus to avoid damage to the primary 
plexus of portal vessels. Only the milk yield, which was unaltered, was re- 
corded in this animal. 
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Two rabbits had lesions in the posterior hypothalamus. Changes in milk 
yield or litter growth were not found in either. Both gained weight post- 
operatively and both ovulated after a subsequent mating. 

The main features of the above results would seem to be (a) that gross 
destruction of pituitary tissue interferes with lactation, (b) that complete 
isolation of the pituitary gland from the hypothalamus does not interfere with 
the volume of milk secreted provided that the weight of the doe is maintained, 
and (c) that such complete destruction of the pituitary stalk disturbs the 
formation of qualitatively normal milk. 


DISCUSSION 

The present findings in the two rabbits with pituitary damage (failure of milk 
yield and litter growth) agree with those arising from earlier work on the effect 
of hypophysectomy on lactation (see Fredrikson, 1939; Folley, 1952) and 
emphasize the essential part played by the pars distalis in maintaining lacta- 
tion. By contrast, pituitary function was maintained to some degree (no 
change in milk volume) in the cases in which portal vessels were interrupted 
without pituitary damage, although it was apparent that a change was pro- 
duced in the quality of the milk secreted (depression of litter growth). The 
findings of Jacobsohn (1949) are thus in accord with those presented here. This 
worker examined the effect of surgical division of the pituitary stalk on the 
mammary glands of lactating rabbits and found that milk secretion persisted 
for a longer time than after hypophysectomy, whilst involution of the glands 
was very slow. As litter growth was not examined, an alteration in the quality 
of the milk would not have been detected, although Jacobsohn mentions that 
the nutritional value of the milk may have been reduced. 

Since complete division of the pituitary stalk is known to halt the secretion 
of follicle-stimulating and luteinizing hormones and to limit the secretion 
of thyroid-stimulating and adrenocorticotrophic hormones (Harris, 1955; 
Donovan & Harris, 1957) it is not surprising that the operation affects lacta- 
tion adversely. Perhaps it becomes remarkable that the milk volume is 
maintained. It is not possible to interpret the current findings in terms of 
interference with prolactin secretion alone. At this point it may be necessary 
to distinguish between the role of prolactin in influencing the growth and 
development of the mammary gland, its role in the initiation of lactation 
(lactogenesis), and its part in the maintenance of established lactation. 


Although the importance of prolactin in producing mammary development — 


and in initiating lactation is undoubted, there is a surprising lack of evidence in 
support of a major lactation-maintaining action of prolactin. The results of the 
present study may well have to be explained in terms of other pituitary 
hormones such as growth hormone and ACTH. This point is underlined by 
recent work on the effect of injection of various pituitary hormones on lacta- 
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tion in the cow, which has shown that the activity of prolactin in increasing the 
milk yield during established lactation is relatively small and is surpassed by 
the action of growth hormone (Folley, 1955). Further, in experiments involv- 
ing replacement therapy in the hypophysectomized lactating rat Cowie (see 
Cowie & Folley, 1955) found that both ACTH and prolactin had to be supplied 
to maintain the litters. : 

The report (Benson & Folley, 1956) that oxytocin administration might 
cause the release of prolactin by the adenohypophysis requires comment in 
connexion with the present work, where oxytocin was given daily to ensure 
milk ejection. If this observation is substantiated then prolactin secretion 
could well have continued in the ‘stalk-sectioned’ rabbits despite interference 
with the secretion of other hormones. Under these circumstances a dichotomy 
between milk volume and milk composition, as described above, might ensue. 

Everett (1956) and Miihlbock & Boot (1956) have recently obtained evidence 
which indicates that the secretion of luteotrophic hormone (presumed to be 
identical with prolactin) by the hypophysis may continue after transplanta- 
tion of the gland away from the sella turcica. This finding is also in accordance 
with the present work. 

In summary it would seem that destruction of the portal vessels interferes 
with qualitatively normal milk secretion. It is not clear whether such inter- 
ference is due to a block in the secretion of prolactin, to a depression of other 
adenohypophysial secretions, or to a complex dissociation of adenohypophysial 
functions. Since the composition of the milk has not been studied it is also not 
possible to decide whether the interference with the growth of the young is due 
to a fall in the quantity of nutrients in the milk or to changes in the content of 
growth-promoting or growth-inhibiting factors. 


SUMMARY 

1. Lactation was studied in rabbits placed on a once-daily nursing regime 
and the effect of electrolytic lesions in the hypothalamo-pituitary area and 
surgical section of the pituitary stalk on galactopoiesis examined. Oxytocin 
was provided to ensure milk ejection. 

2. The average daily output of milk in normal rabbits ranged between 
80-150 g and variations in the weight of the mother were closely reflected in 
the milk yield and rate of litter growth. 

3. Gross damage to the pituitary gland caused a marked fall in milk yield as 
well as in litter growth. 

4. In a number of rabbits in which the portal vessels had been completely 
destroyed the milk output remained at a normal level but the rate of litter 
growth was reduced; a change in the composition of the milk is postulated. 

5. The pituitary stalk was severely damaged without complete destruction 
of the portal vessels in seven rabbits. Again, the milk output was unchanged— 
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provided that the mother maintained her preoperative weight—but the growth 
of the litter was not slowed. 

6. Lesions in parts of the hypothalamus not involving the pituitary stalk 
did not alter the milk yield or litter growth in seven of eight rabbits. 

7. It is concluded that normal litter growth in rabbits requires the presence 
of intact hypothalamo-pituitary connexions. These experiments provide no 
evidence for or against the view that changes in prolactin secretion are 
involved; alterations in lactational performance may be considered to follow 
the extensive depression of pituitary function occasioned by pituitary stalk 
section. 


We wish to express our sincere appreciation of the help and advice so generously given by 
Professor G. W. Harris, F.R.S. Our thanks are also extended to Dr Dora Jacobsohn and Dr 8. J. 
Folley, F.R.S., for their constructive criticism, and to Mr W. F. Piper and Mr 8. A. Renner for 
their skilled assistance. 
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CHOLINESTERASE ACTIVITY IN THE ATRIAL WALL 
OF THE DOG AND CAT HEART 


By R. L. HOLMES 


From the Department of Anatomy, School of Medicine, 
University of Leeds 


(Received 18 March 1957) 


The atrial wall of the mammalian heart contains a number of nervous 
structures. One of these, a complex end-formation, has recently been shown 
to be probably afferent in function (Coleridge, Hemingway, Holmes & Linden, 
1957). The object of the present study was the demonstration of cholin- 
esterase activity in the atrial wall, especially with reference to the nervous 
elements. 
METHODS 

Dogs and cats were killed by intraperitoneal injection of pentobarbit dium. The entire heart 
was removed immediately after death. The lower half of the ventricle was cut away, and the rest 
of the heart fixed in cold 10% formalin for 2 hr, or during the night. Pieces of atrial wall approxi- 
mately 2 x 14 cm were then removed, and from these pieces preparations made in one of three ways. 

(a) The atrial muscle was trimmed away with scissors so as to leave the whole endocardial 
layer with little adherent muscle. This tissue was washed in saline (NaCl 0-9% (w/v)), and pieces 
incubated whole in the substrate solutions. 

(6) Thick frozen sections at 50 or 1001 were cut tangentially from the endocardium and inner 
muscle. These were washed in saline for 15-30 min, and then mounted on clean glass slides. After 
drying in air to ensure adhesion they were incubated in the substrate solutions. 

(c) As a modification of method (a), pieces of atrial wall were placed, endocardial surface down- 
wards, on a previously levelled cut surface of cardiac muscle on the stage of a freezing microtome. 
The combined block was frozen, and thick sections cut until almost all the atrial wall muscle had 
been removed, and a preparation of virtually pure endocardial tissue remained. After thawing, 
this was floated free of the basal muscle block, washed in saline and mounted on a slide before 
incubation, as in the case of the sections in method (b). The use of the muscle block, previously 
cut level, ensured that the knife of the microtome removed the atrial myocardial layer in cuts 
parallel to the endocardium. 

The substrate mixtures employed for incubation were those of Koelle (1951), using acetyl- and 
butyrylthiocholine salts respectively. A number of preparations were incubated according to the 
modification described by Coérs (1953). The essential differences between this method and that 
of Koelle are the fixation of tissues in 10% formalin; the buffering of substrate solutions to pH 5 
with acetate buffer in a final concentration of n/20; and the omission of sodium sulphate from the 
incubating solutions. Coérs, working with motor end-plate material, employed incubation times 
of 10-60 min; but in the present study periods of 2-24 hr have been found more suitable. Control 
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were incubated in identical substrates containing either eserine in a final concentra- 
tion of 10-'m, or BW 284C51j dibromide, a selective inhibitor of the true or specific cholinesterase, 
in a final concentration of 3 x 10-*m; while others were pre-treated by immersion for 20 min in 
10-*w DFP solution before incubation. Sites of enzyme activity were revealed in the usual way 


by treatment with dilute ammonium sulphide, followed by washing, dehydration and mounting 
in balsam. 


RESULTS 


The major part of the work is based on tissue from dog hearts. Widespread 
cholinesterase activity was found in the muscle of the atrial wall. The pre- 
cipitate was distributed throughout the muscle fibres, and was present also 
where these extended into the endocardium, whose connective tissue was 
negative (Pl. 1, fig. 1). Lines of denser precipitate were present between the 
fibres, running parallel to them in a pattern resembling that of the capillary 
bed, although the possibility that nerve fibres were also present could not be 
excluded. 

The positive reaction of the muscle fibres, as well as that in the interstitial 
tissue, was stronger in material incubated in the butyryl substrate; it was 
greatly diminished by eserine, and by pre-treatment with DFP. A faint 
positive reaction persisted in sections treated with DFP and then incubated 
with acetylthiocholine substrate. Thus most of the activity in muscle is 
probably due to pseudo or non-specific cholinesterase, although some is due to 
the true or specific cholinesterase, as well as to ali-esterase. 

A few sections showed ganglion cells in the myocardial layer. The whole 
zone of these ganglia was positive, but the peripheral cytoplasm of the neurones 
was more strongly so, and the whole structure darker than the surrounding 
muscle. 

Sections showed strongly positive nerve fibres passing through the myo- 
cardium to enter the endocardial tissue. These led to terminal zones, rounded 
or somewhat irregular in outline, which showed strong cholinesterase activity. 
In whole-thickness preparations of tissue from the junctional zones where the 
great veins joined the atria, numbers of these strongly positive areas were seen 
against the less positive background of the muscle, but little internal structure 
could be observed owing to the over-all density of the precipitate. In sections, 
however, more detail was revealed. The whole zone showed some positive 
reaction (Pl. 1, fig. 2); but within this, a branching pattern marked by denser 
precipitation resembled that of branching nerve fibres as revealed by methylene 
blue and silver techniques (Holmes, 1957). Irregular swellings along the 
course of these branches were also strongly positive (Pl. 1, fig. 3). 


The thick fibres and their end-formations were found only in tissue taken — 


from junctional and intervenous regions of the atria, and thus their distribu- 
tion, as well as internal structure, corresponded to that of previously reported 
nerve endings of probable afferent function (Coleridge et al. 1957). Atrial 
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tissue taken from the auricular appendages showed none of these latter forma- 
tions; it did show, however, occasional strands of nerve fibres which exhibited 
a positive reaction. 

Whole-thickness preparations were usually too dense for demonstration of 
the network of fine fibres and associated cells which are found in the endo- 
cardial tissue (the subendocardial nervous network). Sections were suitable 
where the cut had passed in a plane parallel to the network, and tissue from 
which the muscle had been shaved by means of the freezing microtome was 
ideal. In such preparations a pattern of precipitate corresponding to that of 
the network was seen after incubation in either substrate. Owing to the 
crystalline nature of the final precipitate, the diameter of the fibres in some 
cases appeared to be somewhat greater then when revealed by methylene blue 
or silver impregnation techniques; but when the pH of the incubating solution 
was lowered to 5, sharper definition of the nerve fibres was obtained. Some 
undulation of the fibres was often noted in sections, doubtless due to shrinkage 
of the surrounding connective tissues during preparation; this appearance was 
less obvious in thicker preparations. 

In tissue from the junctional and intervenous regions the fine subendo- 
cardial network could be demonstrated together with thicker nerve fibres and 
their complex endings (PI. 1, fig. 1); in preparations from other parts of the 
atria only the network was found (PI. 1, fig. 5). ; 

Tissues incubated with butyrylthiocholine gave. a stronger reaction in all 
these nervous structures than those incubated for a corresponding time with 
acetylthiocholine. The reaction of the nervous elements was totally inhibited 
by eserine, and also by pre-treatment with 10-* m DFP, with the exception in the 
latter case that strands composed of a number of small-diameter nerve fibres 
still gave a slight reaction when incubated with acetylthiocholine substrate. 
Incubation in substrates containing BW 284C51j dibromide did not alter the 
positive reaction of any of these structures. Fixation of tissues during the 
night gave improved definition with no great loss of activity compared with 
those fixed for only 2 hr; and the Coérs modification likewise gave better final 
pictures. Shorter incubation times generally gave weaker results. 

The findings in cat material corresponded in all essentials with those in the 
dog. The subendocardial network was clearly demonstrated, also the thick 
fibres and their endings. These latter formations were not so clearly defined in 
the cat even in methylene-blue-stained material, and this difference was also 
shown in cholinesterase preparations. Inhibitors had the same effects as on 
dog tissues. Sections of the muscle of cat atria did show a strongly positive 
reaction in the walls of small blood vessels, especially after incubation with 
butyrylthiocholine as substrate. This, combined with a weaker reaction in the 
muscle, especially when a low pH was employed, resulted in a clear demonstra- 


tion - the vascular pattern (Pl. 1, fig. 6), and indicated that the strongly 
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positive reaction seen between the fibres in the myocardial layer of both species 
is predominantly due to pseudo or non-specific cholinesterase in the vessel 
walls. 
DISCUSSION 

The results described above show that cholinesterase is present at several sites 
in the atrial wall of the adult dog and cat. It occurs in the muscle, in ganglion 
cells, in thick nerve fibres and their terminal formations, and in the syncytial 
fibres of the subendocardial network. In all these situations the enzyme is 
predominantly of the pseudo or non-specific type; only in muscle and in some 
nerve bundles was slight true or specific cholinesterase demonstrated. 

Other workers have investigated the cholinesterase activity of the heart. 
Mohr (1954) found only the specific type in the atria of the guinea-pig, and 
reported localization to the tissue between the muscle fibres. This finding was 
again reported by Mohr & Gerebtzoff (1954) in further studies of the guinea- 
pig, rabbit and ox. They considered that the positive sites were probably 
indicative of nerve fibres surrounding the muscle fibres. The present work 
indicates that non-specific and a little specific cholinesterase is present in the 
muscle fibres of the dog and, to a lesser extent, of the cat. The considerable 
diminution of the final precipitate found after eserine inhibition shows that 
only a part of the activity is due to eserine-resistant esterases. Some evidence 
of greater activity in the tissue between the muscle fibres was found, which 
appeared to be due to a high concentration of the enzyme in the blood vessel 
walls. The possibility of a fine nervous network extending between the muscle 
fibres cannot be discounted, but none could be convincingly demonstrated. 
Gerebtzoff (1956) considers that such a network is present in the tortoise heart. 

Non-specific or pseudo cholinesterase has been found in the smooth muscle 
of the intestinal wall (Koelle, 1950, 1951), and it was suggested that its presence 
might be involved in the contractile mechanism; equally this could apply to 
the cardiac muscle, which in spite of its striated structure has some functional 
affinity to unstriated muscle. The significance of a high non-specific cholin- 
esterase in the capillary walls is not clear. Koelle (1954) found such a con- 
centration in the rat central nervous system, and suggested that the enzyme 
might be involved in the permeability of the vessel walls, since Greig & 
Mayberry (1951) have shown in the mouse that eserine increases the rates of 
penetration of certain substances into the central nervous system from the 
blood. 

The nerve fibres and complex subendocardial endings demonstrated in dog 
and cat hearts contain only pseudo cholinesterase, which is completely inhibited 
by pre-treatment with DFP. There is little doubt that these formations are 
nervous structures, and it has been recently shown (Coleridge et al. 1957) that 
they are probably receptor in function, as was previously suggested by 
Nonidez (1937) on morphological grounds. Both their distribution and their 
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internal structure correspond closely with the findings in methylene blue and 
silver impregnated preparations (Coleridge et al. 1957; Holmes, 1957). Beckett, 
Bourne & Montagna (1956) showed that there is strong cholinesterase activity 
in receptor organs and nerves in the human finger; and although the cardiac 
receptors differ in structure, they also show this strong enzyme activity. It is 
difficult at present to allot a precise function to this enzyme in sensory endings 
and nerves; its occurrence in capsular and glial cells of autonomic and sensory 
ganglia has been noted by Koelle (1950, 1955), and he suggested some pro- 
tective role against stimulation by acetylcholine released elsewhere. 

The function of the subendocardial nervous network is not known. In the 
past even its nervous nature has been questioned (see review by Mitchell, 
1956), although most workers now accept this. The presence of considerable 
amounts of non-specific cholinesterase in the fibres is further evidence in 
favour of its nervous structure. The absence of true or specific cholinesterase 
activity is against the network being a cholinergic effector system, but not 
against some receptor role. The structural relations between the complex 
end-formations and the fibres of the network are not easily assessed (Holmes, 
1957). It is interesting to note that Koelle (1951, 1955) found pseudo cholin- 
esterase in neurones and interstitial cells of Auerbach’s plexus; there is some 
structural resemblance between this latter formation and the subendocardial 
network, although they are lying in very different situations, and it would be 
difficult to suggest any similarity in their functions. 


SUMMARY 

1. The distribution of cholinesterase activity has been studied in the atrial 
wall of the dog and cat. 

2. Enzyme activity is present in the muscle fibres, walls of blood vessels, 
ganglion cells, thick nerve fibres and their complex terminal formations, and 
in the fibres of the subendocardial network. 

3. The enzyme is predominantly of the pseudo or non-specific type. Its 
presence in the complex nerve endings is in keeping with their probable receptor 
function; and in the subendocardial network, in favour of its nervous nature. 


I wish to thank Mr W. A. Broom of Boots Pure Drug Co. Ltd. for the gift of DFP and Wellcome 
Research Laboratories for the gift of the 284C51j dibromide. 


REFERENCES 
skin. The distribution of cholinesterase in finger of the wan the adult. J. Phyeiol. 


134, 202-206. 
Coitrs, C. (1953). La détection histochimique de la cholinestérase au niveau de la jonction 
neuro-musculaire. Rev. belge Path. 22, 306-315. 
J.C. G., A., Hotmes, R. L. & R. (1957). The location of 
atrial receptors in the dog: a physiological and histological study. J. Physiol, 136, 174-197. 
27-2 


+ 
. 
‘ 
a 
| 
a 


426 R. L. HOLMES 


Danette Recherches sur innervation cholinergique comparée du coeur de 
mammifére et de tortue. Ann, Histochim., Paris, 1, 166-175, 
Garang, M. B. & Mayveerry, T. C. (1951). The relationship between cholinesterase activity and 
brain permeability. J. ‘Pharmacol. 102, 1-4. 
Homers, R. L. (1957). Structures in the atrial endocardium of the dog which stain with methylene 
blue, and the of unilateral vagotomy. J. Anat., Lond 266 
Koxrtts, G. B. (1950). The histochemical differentiation of types of cholinesterase and their 
localisations in tissues of the cat. J. Pharmacol. 100, 158-179. 
—s G. B. Soges The elimination of enzymatic diffusion artifacts in the histochemical 
localization of cholinesterases and a survey of their cellular distributions. J. Pharmacol. 
103, 


Kogtxe, G. B. (1954). The histoc 


hemical localization of cholinesterases in the central nervous 
system of the rat. J. comp. Neurol. 100, 211-235. 


‘Koxrtzs, ‘G. B. (1955). The histochemical identification of acetyl-cholinesterase in cholinergic, 
adrenergic and 


sensory neurons. J. Pharmacol. 114, 167-184. 


‘Mrromens, G. A. G. (1956). Cardiovascular Innervation. Edinburgh and London: E. and A. 
Livingstone. 


148, 629-632. 


Mone, E. & Guresrzorr, M. A. (1954). Recherches histochimiques sur les acétylcholine- et 


estérases. Acta anat. 22, 143-151. 


Nowtpez, J. F. (1937). Identification of the receptor areas in the venae cavae and pulmonary 
b> 57 By initiate reflex cardiac acceleration (Bainbridges’s reflex), Amer. J. Anat. 61, 


EXPLANATION OF PLATE 
All figures are taken from sections cut tangentially through the atrial wall, incubated in butyry]- 


thiocholine substrate; no counterstain has been used. 


Fig. 1. Section near the endocardial-myocardial junction of dog atrium. In the centre is a strongly 
positive nervous end-formation lying in the angle formed by two masses of cardiac muscle. 
The subendocardial connective tissue is negative, but fine fibres of the nervous network can 
be seen. 

Fig. 2. A group of end-formations together with their nerve fibres, and again finer fibres of the 
subendocardial network; dog atrium. 


Fig. 3. Two end-formations showing some internal structure of branching fibres and nodules. No 


network is visible: dog atrium. 

Fig. 4. Branching nerve fibres running to several end-formations in cat atrial wall. The faint 
reticular pattern on the right is due to the outlines of fat cells. 

Fig. 5. Fibres of the subendocardial network strongly positive against the negative connective 
tissue: cat atrium. 

Fig. 6. Section through the myocardial layer of cat atrium. A strong positive reaction is present 
in the walls of blood vessels, but only a slight reaction in the muscle fibres. 
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OBSERVATIONS ON THE CHANGES IN RESISTANCE OF 
THE PULMONARY VASCULAR BED IN RESPONSE TO 
STIMULATION OF THE CAROTID SINUS 
BARORECEPTORS IN THE DOG 


By I. pe BURGH DALY anp M. pe BURGH DALY* 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received 9 April. 1957) 


The vasomotor control of the systemic circulation by baroreceptors, especially 
those situated in the regions of the carotid bifurcation and aortic arch, is well- 
known. On the other hand, there is as yet no convincing evidence of the 
participation of nervous reflexes in the control of pulmonary vascuiar re- 
sistance. As a first step in the elucidation of this problem, an examination 
has been made of the reflex effects of changes in carotid sinus pressure on the 
resistance of the lesser circulation. In an investigation of this type it is 
necessary to separate passive effects on the pulmonary vascular system from 
those due to active vasomotor nerve responses. Cardiac and bronchomotor 
passive effects have been eliminated in this investigation by controlled per- 
fusion of the part of the pulmonary vascular bed under test and by controlled 
respiration. A brief account of our results has already been published (Daly & 
Daly, 1957). | 
METHODS 

Dogs of 8-0-19-6 kg body weight were anaesthetized with chloralose (0-1 g/kg intravenously) 
after premedication with morphine hydrochloride (1 mg/kg subcutaneously). 

Carotid baroreceptor reflexes were elicited by isolating both carotid sinuses from the circulation 
and perfusing them by the method of M. de B. Daly (1955). This technique allowed independent 
control of the mean and pulse pressures in the sinuses. 

Pulmonary vasomotor responses were measured by a method modified from that of I. de B. 
Daly & Duke (1948). The apical and cardiac lobes of the left lung only were perfused through a 
cannula inserted into the pulmonary arterial branch to the left diaphragmatic lobe, pointing 
towards the heart. In this way cannulation of the left pulmonary artery was avoided, thereby 
safeguarding the pulmonary nerves which embrace it. It should be stressed that in perfusion by 
this method the normal bronchial circulation of the perfused lobes is intact. The left pulmonary 


artery was subsequently ligated close to its origin, central to the nerves (Fig. 1). By means of a 
Dale-Schuster pump the lobes were perfused with mixed venous blood from a reservoir connected 
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to the right auricle (Fig. 1). The purpose of the reservoir was to maintain a constant pressure in 
the right auricle; when carotid sinus reflexes are elicited changes in systemic venous pressure occur 
which might produce reflex responses on the pulmonary vascular bed. Furthermore, the reservoir 
served the purpose of maintaining a constant pressure on the input side of the pump perfusing 
the left lung lobes and thus avoided the possibility of changes in pump output. In order to 
minimize back-pressure effects from the left auricle on the pulmonary blood vessels during a test 
alteration in carotid sinus pressure, a reservoir was also connected to the left auricle (Fig. 1). The 
Dale-Schuster pump and both venous reservoirs were water-jacketed and maintained at 37° C. 


LA reservoir 


Fig. 1. Diagram showing the method for perfusion of part of the left lung. The right lung, which 
receives the whole of the right ventricular output, is not shown. The left apical and cardiac 
lobes are perfused at constant volume inflow. The bronchial circulation to all lobes of both 
lungs is normal. All lobes of both lungs are ventilated by the method of Konzett & Réssler 
(1940). The left pulmonary artery was ligated at X. For further details see text. LA =left 
auricle; LPA =left pulmonary artery; RA=right auricle; RPA =right pulmonary artery. 


The lungs were ventilated by means of a Starling ‘ Ideal’ pump at constant pressure, which varied 
from 8 to 15 cm water in different experiments. During expiration the lungs collapsed passively 
against a resistance of 2-2-5 cm water. Changes in tidal air volume were measured by the method 
of Konzett & Réssler (1940). Both phrenic and recurrent laryngeal nerves were crushed to 
minimize mechanical effects on the lungs. 

In some experiments electrical stimulation of nerves containing efferent pulmonary vasomotor 
fibres was carried out to show that the pulmonary vasomotor nerves were functionally active. 
For this purpose shielded platinum wire electrodes and an Attree (1950) electronic stimulator were 
used. The nerves for stimulation were ‘air-borne’ and thus out of contact with adjacent tissue, 
to prevent current spread. 
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Systemic blood pressure in a femoral artery and carotid sinus perfusion pressure were measured 

by means of mercury manometers or Sanborn Polyviso electro-manometers (Electronic and X-ray 
Applications, Ltd.). Pulmonary arterial perfusion pressure, left auricular pressure and, in some , 
experiments, right pulmonary arterial pressure were measured by means of Sanborn electro- 
manometers. 
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In all experiments, the blood was rendered incoagulable with heparin (Liquemin, Roche. 
Products, 7-8 mg/kg). A second dog was bled from a femoral artery under local anaesthesia after 
premedication with morphine hydrochloride (1 mg/kg). This blood was heparinized (7-8 mg/ 
100 ml.) and used to fill the perfusion apparatus. 


RESULTS 


It was found that stimulation of the baroreceptors by increasing the mean 
pressure in the carotid sinuses caused bradycardia, a fall in systemic arterial 
pressure and a fall in pulmonary arterial pressure in the right normal lung. 
The pulmonary arterial perfusion pressure increased in eight experiments, 
decreased in one and showed no change in two. Results from one experiment 
typical of the pressor effect are shown in Fig. 2. Lowering the mean carotid 
10— 
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Fig. 2. Dog, g, 10-2 kg. Morphine-chloralose. The effect of raising the carotid sinus perfusion 
pressure. Time marker, 10 sec. In this and in subsequent figures: VOV = ventilation overflow 
volume; LAP left auricular pressure; PAP = pulmonary arterial pressure of perfused lobes ; 
BP =systemic arterial pressure; CSP = carotid sinus perfusion pressure. 
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sinus pressure always had effects on the systemic arterial pressure and 
pulmonary arterial perfusion pressure opposite to those produced by raising 


the sinus pressure. Denervation of the carotid sinuses abolished all these 


effects. 

It has been shown previously by M. de B. Daly & Schweitzer (1951) that 
bronchomotor effects may occur reflexly as a result of carotid sinus distension, 
and therefore it was necessary to show that passive bronchomotor effects were 
not responsible for the observed changes in pulmonary vascular resistance. In 
the present experiments changes in ventilation overflow volume were small or 
absent (Figs. 2, 3) and such a passive mechanism can therefore be ruled out 
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Fig. 3. Dog, 3, 12-5 kg. Morphine-chloralose. A, B and C show the effects of raising the carotid 
sinus perfusion pressure, as indicated by the figures (in mm Hg) given above the time marker 
(10 sec). Between A and B, the left and right cervical vagosympathetic nerves were cut. 
Between B and C, atropine, 3 mg was injected intravenously. The pen recorder registering 
ventilation overflow was not workingat X. tits peal shes 
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_ as a cause of the changes in pulmonary arterial perfusion pressure. Another 
_ well-recognized mechanism passively influencing pulmonary vascular resistance 


is a change in left auricular pressure. Again we found that this was not in- 
volved, because the observed pulmonary vascular response was a of 
this pressure (Figs. 2, 3A). 
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Fig. 4. Same experiment as Fig. 3. The sympathetic chain, stellate ganglia, vertebral nerves and 
the ventral and dorsal branches of the ansa subclavia were crushed on both sides. Both 
cervical vagosympathetic nerves were cut. Time marker, 10 sec. A and C show the effects of 
raising the carotid sinus perfusion pressure. At B, the carotid sinus pressure was converted 
from a pulsatile pressure to a steady pressure without an appreciable change in mean 
pressure. Between B and C, the left thoracic vagosympathetic nerve was cut. 


In the test shown in Fig. 4B the rise in systemic arterial pressure and fall in 
pulmonary arterial perfusion pressure were produced by converting the pressure 
in the carotid sinuses from a pulsatile to a steady pressure without change in 
the mean pressure. A similar reflex effect on systemic blood pressure in the 


cat has been shown previously by Ead, Green & Neil (1952). 


We next turned our attention to the possibility that the pulmonary vascular 


_ Tesponse to carotid sinus distension was the result of a nervous reflex. It was 
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found in six experiments that neither section of the cervical vagosympathetic 
nerves nor atropinization (0-11-0-29 mg/kg) had any appreciable effect on the 
pressor or depressor response to stimulation of the carotid sinus baroreceptors 
(Fig. 3). Extirpation of the sympathetic nerves to the lungs either alone or 
after cervical vagosympathectomy also did not abolish the pulmonary vascular 
response (Fig. 4). In one further experiment, however, a different result was 
obtained. The initial rise in pulmonary arterial perfusion pressure was con- 
verted to a fall after section of the cervical vagosympathetic nerves and this 
fall persisted on subsequently injecting atropine. Upper thoracic sympa- 
thectomy abolished this response. The thoracic sympathectomy was per- 
formed by crushing or removing the stellate ganglion and sympathetic chain 
down to T5 or T6 on both sides or by the application of a carbon dioxide snow 
pencil to the ganglia and chains. In one experiment the ganglia were injected 
with procaine, As far as we are aware, extirpation of the sympathetic chains 
from T5 up to and including the stellate ganglia severs all central nervous 
connexions to the lungs by way of the sympathetic nervous system. 

In most experiments we tested the functional activity of the efferent 
pulmonary vasomotor fibres by stimulating the caudal cut end of the left 
thoracic vagosympathetic nerve. In these experiments, after the injection of 
atropine, a rise in pulmonary arterial pressure occurred whether the preceding 
initial pulmonary vascular response to carotid sinus baroreceptor stimulation 
was pressor or depressor. 

DISCUSSION 

Other investigators have studied the effects of lowering the carotid sinus 
pressure, by occlusion of the common carotid arteries, on the pulmonary 
vascular bed. Burstein (1946) found that this had no effect on pulmonary 
arterial perfusion pressure, whereas Aviado, Niden & Schmidt (1956) reported 
that it caused a rise in pressure which was abolished by excision of sympa- 
thetic ganglia T1-T4. Unfortunately no details of this latter work are as yet 
to hand and we cannot therefore offer any explanation of the discrepancy 
between our results. 

Our results have shown that stimulation of the carotid sinus baroreceptors 
caused an increase or more rarely a decrease in pulmonary vascular resistance. 
These responses were apparently not the result of a direct central nervous 
effect on lung blood vessels because they occurred in preparations in which the 
lungs were denervated. It seemed likely, therefore, that passive effects were 
responsible for the pulmonary vascular resistance changes. Although we had 
excluded bronchomotor and back-pressure effects from the left auricle, 
observations made during the course of the experiments suggested that the 
dilated and therefore heavier heart accompanying the reflex bradycardia due 
to carotid sinus distension might, by exerting external pressure on the lungs, 
increase the pulmonary vascular resistance. We therefore carried out numerous 
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control experiments to eliminate this possibility. It was found that the 
pulmonary vascular response to stimulation of the carotid baroreceptors was 
not appreciably altered in tests in which the heart was supported in a peri- 
cardial sac cradle out of contact with the lungs, or in which the heart was 
deliberately displaced on to the left perfused lung. It was also found that 
distension of a balloon placed between the heart and left lung did not alter the 
nature of the response. We therefore feel confident that mechanical pressure 
of the heart on the lungs played no part in the production of the observed 
pulmonary vascular responses. 

The pulmonary vascular responses might have been due to a reflex alteration 
in the rate of secretion of suprarenal medullary hormones. This seemed to be 
definitely excluded because the pulmonary vascular response commenced 
within 3-5 sec of the initial rise in carotid sinus pressure (Fig. 2). Blood from 
the suprarenal glands could have gained access to the perfused lobes by two 
routes, first, via the right auricle, right auricle reservoir and pulmonary pump 
or, secondly, via the right auricle, right ventricle, the normal right lung, the 
left heart, aorta and thence to bronchial arteries of the perfused lobes (Alcock, 
Berry, I. de B. Daly & Narayana, 1936). Blood from the suprarenals could not 
possibly reach the perfused lobes by either route in such a short time as 
3-5 sec. We confirmed this view by injecting noradrenaline into the femoral 
vein and found that the first appearance of the response of the it left 
lung was at least 20 sec later. 

The conditions under which pulmonary vascular changes were now obtained 
recall the earlier observations of Berry & I. de B. Daly (1931) in isolated 
perfused lung preparations. In these they found that changes in bronchial 
arterial pressure caused variations in pulmonary vascular resistance, and they 
attributed their results to an alteration in the distribution of blood between 
the pulmonary and bronchial vascular systems. In our preparations which 
were denervated we made the additional observation that the change in 
pulmonary arterial perfusion pressure depended not only on the magnitude 
of the systemic arterial pressure response but also upon its rate of change. 
_ The significance of this observation is still obscure and requires further 
study. 

The results of Berry & I. de B. Daly (1931) suggest that in the present 
experiments the reflex fall in systemic arterial pressure and, presumably, in 
bronchial arterial pressure, is the probable cause of the observed changes in 
pulmonary vascular resistance. This analogical inference is based solely upon 
a process of exclusion and has yet to be tested by direct experimentation. At 
the same time, it should be stressed that passive bronchial vascular effects 
may mask the presence of a direct pulmonary vascular reflex initiated by 
carotid sinus distension, and therefore such a reflex is not definitely excluded 
by our experiments. It could only be demonstrated unequivocally in a 
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preparation in which the passive effects of an alteration in systemic arterial 
pressure are excluded (I. de B. Daly, 1956). 
All the potential reflex mechanisms which we have discussed refer to a 


primary effect on the perfused left lung lobes. But there are reflexes of other 


kinds which may operate under our experimental conditions. We refer to 
chain reflex mechanisms which in their second stage may be of an intra- 
pulmonary nature but which, nevertheless, are initiated by stimulation of the 
carotid sinus baroreceptors. Thus it is conceivable that the observed pulmonary 
vascular responses in the perfused lobes may be the result of an intrapul- 
monary reflex initiated by the reflex fall in pulmonary arterial pressure of the 
normal right lung or in bronchial arterial —— in either lung. 


SUMMARY 


1. An investigation has Been made of the effects of stimulation of the 
carotid sinus baroreceptors upon the pulmonary vascular resistance in the 
chloralosed dog, in which part of the pulmonary vascular bed was perfused 
under controlled conditions. 

2. Stimulation of the baroreceptors by raising the carotid sinus perfusion 
pressure caused an increase in pulmonary vascular resistance, as indicated by 
an increase in the pressure gradient across the pulmonary vascular bed at 
constant pulmonary arterial blood flow. 

3.. This response occurred independently of changes in bronchomotor tone 
and in left auricular pressure. Furthermore, it was independent of the 
integrity of the sympathetic and vagal innervation of the lungs. 

4. Evidence is presented favouring the view that the observed change in 
pulmonary vascular resistance, while not excluding a direct reflex on the 
pulmonary vascular bed proper, is passive to the accompanying reflex fall in 
systemic blood pressure giving rise to a redistribution of blood between the 
bronchial and pulmonary vascular systems. 


We wish to express our thanks to Mr 8. B. Cro for techn The at Mie Ml 
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THE EFFECTS OF STIMULATION OF THE CAROTID BODY 
CHEMORECEPTORS ON PULMONARY VASCULAR 
RESISTANCE IN THE DOG 


__ I. pe BURGH DALY anp M. be BURGH DALY* 
From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


(Received 16 April 1957) 


In a previous study we investigated the effects of carotid sinus baroreceptor 
reflexes on pulmonary vascular resistance (Daly & Daly, 19576, c). An 
examination has now been made of the reflex effects of stimulation of the 
carotid body chemoreceptors on the lesser circulation and the results which 
have been briefly reported elsewhere (Daly & Daly, 1957a) are presented in 
this paper. 
METHODS 

Dogs of 14-7—19-6 kg body weight were anaesthetized with chloralose (0-1 g/kg intravenously) 
after premedication with morphine hydrochloride (1 mg/kg subcutaneously). The chest was opened 
in the mid-sternal line and the lungs ventilated by means of a Starling ‘Ideal’ pump at constant 
pressure, which varied from 8 to 15 cm water in different experiments. During expiration the lungs 
collapsed passively against a resistance of 2-2-5 cm water. Changes in tidal air volume were 
measured by the method of Konzett & Réssler (1940). Both phrenic and recurrent laryngeal 
nerves were crushed to minimize mechanical effects on the lungs. 

Perfusion of the carotid bodies. Reflex effects from the carotid body chemoreceptors were 
elicited by temporarily changing the perfusate from arterial blood to venous. For this purpose 
both carotid bifurcation regions were isolated from the circulation by ligation of all branches of 
the common and external carotid arteries. The veins draining the carotid bodies were, however, 
carefully preserved. Perfusion of the carotid sinus and body on both sides was carried out through 
the common carotid arteries. The arrangement of the two Dale-Schuster pumps used for the 
perfusion is shown in Fig. 1. That portion of the blood perfusing the carotid bodies drained into the 
internal and external jugular veins (Chungcharoen, M. de B. Daly & Schweitzer, 1952) and by 
inference from experiments on the cat (M. de B. Daly, Lambertsen & Schweitzer, 1954) would 
constitute a very small proportion of the total flow passing through the carotid bifurcation. Pump 
a perfused the carotid bodies with arterial blood from a reservoir attached to the left auricle. 
A three-way tap c was inserted on the output side of the pump. The third limb of the tap was 


connected to the left auricle reservoir. The second pump 6 and three-way tap d was similarly — 


arranged to perfuse the carotid bodies with venous blood from a reservoir connected to the right 
auricle, The third limb of tap d was connected to the right auricle reservoir. The direction of the 
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taps was 180° out of phase, so that when arterial blood from the left auricle reservoir perfused the 
carotid bifurcations from pump a, the output of pump 6, drawing its blood from the right auricle 
reservoir, was returned again to this reservoir. The purpose of this was to ensure that when 
pump } came to be used for perfusing venous blood through the carotid bodies it contained a 
representative sample of the blood in the right auricle reservoir. Furthermore, it had the ad- 
vantage that blood stasis and hence the formation of vasoactive substances were minimized. The 
blood perfusing both carotid sinuses was returned to the circulation via the cannulated external 
carotid arteries and a femoral vein (Fig. 1). The carotid sinus pressure was controlled by the 
adjustable resistance inserted on the outflow side of the external carotid arteries (Fig. le). A 
change over of the perfusate from arterial to venous blood was achieved by simultaneously turning 
both taps c and d through 180°. When this took place, the output of the arterial pump a was 
returned to the left auricle reservoir. The taps were incorporated in a single barrel to facilitate this 
manipulation. 
To femoral 
vein 


Carotid bifurcation 


Pulmonary pump 
Fig. 1. Diagram showing the methods for pulmonary lobar perfusion (Daly & Daly, 1957c) and 
for perfusion of the carotid bodies with either arterial or venous blood. The right lung which 
receives the whole of the right ventricular output is not shown. The apical and cardiac lobes 


were perfused at constant volume inflow. The bronchial circulation to all lobes is normal. © 


All lobes of both lungs are ventilated by the method of Konzett & Réssler (1940). The left 
pulmonary artery is ligated at X. Both carotid bifurcation regions are perfused through the 
common carotid arteries with either arterial blood from the left auricle reservoir by pump a 
through tap ¢ or venous blood from the right auricle reservoir by pump } through tap d. 
When either pump is not being used for this purpose, it returns its blood to the reservoir. 
Blood leaving the carotid sinuses by the external carotid arteries is returned to the animal 
via @ femoral vein after passing through the adjustable resistance e. For further details 
see text. | 
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The output of the two pumps, each of which was approximately 150 ml./min, was initially 
balanced and the variable resistance in the external carotid output (Fig. 1¢) set at a constant value 
so that there was no appreciable change in mean carotid sinus perfusion pressure on changing from 
arterial to venous perfusion of the carotid bodies. All pumps and reservoirs were water-jacketed 
or electrically heated to maintain the blood temperature at 36-38° C. 

In some experiments reflex changes in systemic arterial pressure were compensated by con- 
necting the central ends of the common carotid arteries to a reservoir. The pressure in this 
reservoir could be varied at will for the purpose of maintaining the recorded femoral arterial blood 
pressure constant. 

Measurement of the pulmonary vascular response. Perfusion of the apical and cardiac lobes of 
the left lung by a Dale-Schuster pump delivering a constant blood volume inflow was carried out 
by the method described by Daly & Daly (1957c). Changes in pulmonary vascular resistance were 
indicated by alterations in pulmonary arterial perfusion pressure. In one experiment the technique 
was modified slightly in that these two lobes were perfused at a constant head of pressure. The 
change in pulmonary blood volume inflow during a test was measured by the pulmonary arterial 
overflow method of I. de B. Daly, Duke, Hebb & Weatherall (1948). It was found that venous 
blood stimulated the carotid bodies and caused changes in left auricular pressure. These were 
accurately compensated for by inserting a second reservoir connected to the left auricle reservoir 
(Fig. 1). This eliminated back-pressure effects on the lungs. 

The pulmonary arterial perfusion pressure was measured by means of a Marey tambour and the 
left auricular pressure by a conventional pressure-volume recorder. Systemic arterial pressure in 
the femoral artery and the carotid sinus perfusion pressure were measured by mercury manometers. 

In all experiments, electrical stimulation of nerves containing efferent pulmonary vasomotor 
fibres was carried out to show that these fibres were functionally active, For this purpose 
shielded platinum wire electrodes and an Attree (1950) electronic stimulator were used. To 
prevent current spread, nerves for stimulation were ‘air-borne’ and thus out of contact with 
adjacent tissue. 

The blood was rendered incoagulable with heparin (Liquemin, Roche Products, 35-40 mg/kg). 
A second dog was bled from a femoral artery under local anaesthesia after premedication with 
morphine hydrochloride (1 mg/kg). This blood was heparinized (20-30 mg/100 ml.) and used to 
fill the perfusion apparatus. 


RESULTS 


It was found that stimulation of the carotid body chemoreceptors by the 
change to venous blood caused bradycardia, an increase in the rhythmic 
respiratory movements of the thorax and variable but usually small changes 
in systemic arterial pressure. Associated with these changes there was a 
decrease in pulmonary arterial perfusion pressure in five experiments and an 
increase in pulmonary arterial blood volume inflow amounting to 20% in the 
one experiment in which the lung lobes were perfused at constant head of 
pressure (Fig. 4A). Thus in all experiments there was a decrease in inflow 
resistance. These effects, shown in Figs. 2B, 3A, 4A and 5, were reversed 
when arterial perfusion of the carotid bodies was restored. In several tests 
the reduction in pulmonary arterial perfusion pressure occurred in the absence 
of any appreciable change in systemic arterial pressure (Fig. 3.4). It will be 
noted that every time the perfusate was changed by turning the taps (Fig. 1c, d), 
there was a momentary fall in carotid sinus perfusion pressure. This was in no 
way responsible for the observed cardiovascular responses, for it was found 
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that turning the taps rapidly through 360°, thereby causing two momentary 
falls in carotid sinus perfusion pressure, had no effect. 

Elimination of passive mechanisms. There are several mechanisms passively 
affecting the pulmonary vascular bed which might be the cause of the decrease 
in pulmonary arterial inflow resistance on stimulation of the carotid bodies. 
One of these is a change in left auricular pressure. This can be excluded in our 


D 


Fig. 2. Dog, 3, 196 kg. Morphine-chloralose. Perfusion of the left apical and cardiac lobes at 
constant volume inflow. At A and C, the mean carotid sinus perfusion pressure was raised. 
At B ans D, the carotid body chemoreceptors were stimulated by venous blood. Between B 
and C, the carotid sinus nerves were divided. In this and in subsequent figures: VOV = venti- 
lation overflow volume; LAP =left auricular pressure; PAP = pulmonary arterial pressure of 
perfused lobes; PA overflow = pulmonary arterial overflow volume; CSP = carotid sinus per- 
fusion pressure; B.P.=systemic arterial pressure. 
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experiments because the pulmonary vascular response occurred whether the 
left auricular pressure increased or showed no change (Fig. 4A). The observed 
decrease in pulmonary arterial perfusion pressure or increase in pulmonary 
arterial inflow volume must therefore be the result of a diminution in pulmonary 
vascular resistance. 

It had been shown previously by M. de B. Daly & Schweitzer (1951) that 
bronchodilator effects may occur reflexly as a result of stimulation of the 
carotid bodies, and it was necessary therefore to make certain that passive 


Fig. 3. Dog, 3, 126 kg. Morphine-chloralose. Perfusion of the left apical and cardiac lobes at 
constant blood volume inflow. Respiratory pump stroke, 240 ml. A, C and D show the effects 
of stimulation of the carotid body chemoreceptors with venous blood. In B the peak lung 
inflationary pressure was reduced from 11 to 9-6 cm H,O and then increased to 11 cm H,0. 
In £, electrical stimulation of the caudal cut end of the left thoracic vagosympathetic nerve, 
15 V, 10 msec, 50 c/s. Between B and C, decamethonium 3 mg intravenously. Between C 
and D, atropine 2 mg intravenously. 


bronchomotor effects were not responsible for the observed changes in pul- 
monary vascular resistance. In the present experiments small changes (less 
than + 3%) in tidal air volume sometimes occurred in response to carotid body 
stimulation, as indicated by the ventilation overflow volume record (Figs. 2 B, 
3A, 4A, 5). When, however, deliberate changes in peak inflationary pressure 
were made to produce this order of change in tidal air volume in either 
direction, they were found to have no passive effects on the pulmonary arterial 
perfusion pressure or pulmonary arterial inflow volume (Figs. 3B, 4B). Such 
a passive bronchomotor mechanism can, therefore, be ruled out as a cause of 
the changes in pulmonary vascular resistance. 

It is conceivable also that the pulmonary vascular resistance might have 
been influenced mechanically by the accompanying reflex increase in rhythmic 
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movements of the thoracic cage. In most experiments this possibility was also 
excluded by preventing such movements with decamethonium iodide (Geigy, 
0-25 mg/kg intravenously). Under these conditions stimulation of the carotid 
bodies still caused a fall in pulmonary vascular resistance (Fig. 30). The 
possibility that the pulmonary vascular response to stimulation of the carotid 
body chemoreceptors was the result of a nervous reflex was then examined. 


Effects of nerve section and of atropine 
The reduction in pulmonary vascular resistance caused by stimulation of 
the carotid body receptors with venous blood was abolished by section of the 
carotid sinus nerves (Fig. 2B, D) as were the cardiovascular responses to 
raising the mean carotid sinus perfusion pressure (Fig. 2 A, C). 
It was shown further that the pulmonary vascular response to carotid body 
stimulation was abolished by the addition of atropine to the blood (Fig. 3D) 


- and by section of the cervical vagosympathetic nerves (Fig. 4C). It should be 


stressed, however, that these results were dependent upon there being no large 
reflex changes in systemic arterial pressure during the tests. In contrast to the 
small reflex changes in systemic arterial pressure which occurred on stimulation 
of the carotid bodies before giving atropine or before vagal section, there was 
now usually a considerable reflex rise in systemic arterial pressure without any 
obvious change in heart rate. This systemic pressure increase may cause a 
passive decrease in pulmonary vascular resistance due to an alteration in 
volume of blood traversing the communications between the bronchial and 
pulmonary vascular systems (Berry & I. de B. Daly, 1931). It was essential, 
therefore, to ensure that no passive effects on the pulmonary vascular bed of 
this kind became operative when testing the responses to stimulation of the 
carotid bodies. For these reasons any large changes in systemic arterial 
pressure were compensated by the technique described in ‘Methods’. 

An example of a test, in which changes in systemic arterial pressure were 
prevented by compensation during stimulation of the carotid bodies by venous 
blood, is shown in Fig. 4C. It will be seen that after section of the cervical 
vagosympathetic nerves chemoreceptor stimulation had no appreciable effect 
on the pulmonary arterial blood volume inflow. There was, however, a small 
reduction in volume inflow on changing the carotid body perfusate from venous 
back to arterial blood, owing to the passive effect of the fall in systemic 


_ arterial pressure. Again, when a similar stimulation of the carotid bodies was 


carried out and the reflex rise in systemic arterial blood pressure was not 
compensated, the expected passive rise in pulmonary blood volume inflow took 
place (Fig. 4D). Indeed it will be noted in this record that the double rise in 
systemic arterial pressure is accompanied by corresponding increases in 

pulmonary inflow. | 
With regard to the possible participation of the sympathetic nervous system 
28-2 
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in the pulmonary vascular response to carotid body stimulation, we are unable 
to express a definite opinion, except to mention that in one experiment the 
response was still present after destruction of both upper thoracic sympathetic 
chains and ligation of the ventrai and dorsal branches of the ansa subclavia 
on both sides (Fig. 5). 

In all experiments we tested the integrity of the efferent nerve supply to 
the perfused lung lobes. It was found after atropinization that electrical 
stimulation of the caudal end of the cut left thoracic vagosympathetic nerve 
caused an increase in pulmonary vascular resistance; that is, the reverse of 
the effect produced by stimulation of the carotid bodies by venous blood 
(Figs. 3£, 4H). This confirms previous work, that electrical stimulation of 
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Fig. 4. Dog, 3, 187 kg. Morphine-chloralose. Perfusion of the left apical and cardiac lobes at 
constant head of pressure. Pulmonary pump output, 200 ml./min. A reduction in pulmonary 
arterial overflow volume indicates an increase in pulmonary arterial inflow volume. Re- 
spiratory pump stroke, 300 ml. A, Stimulation of carotid chemoreceptors; left auricular 
pressure compensated. B, Respiratory pressure reduced from 12 to 11 cm H,O and increased 
again to 12cm H,0. Between B and C, both cervical vagosympathetic nerves cut. C, 
Stimulation of carotid chemoreceptors; systemic arterial pressure and left auricular pressure 
compensated. D, Stimulation of carotid chemoreceptors, no compensation of systemic 
arterial pressure or left auricular pressure. £, Electrical stimulation of left thoracic vago- 
sympathetic nerve, 10 V, 10 msec, 50 c/s. Note the left re- 
presents a change of 2 cm saline. 
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nerves containing vasoconstrictor and dilator fibres to the lung blood vessels q 
causes predominantly pulmonary vasopressor responses in atropinized lung a | 
preparations (I. de B. Daly et al. 1948). a 
q 
q 
B a 
| Fig. 5. Dog, 3, 14-7 kg. Morphine-chloralose, Perfusion of left apical and cardiac lobes at a 
| constant blood volume inflow. Respiratory pump stroke, 350 ml. In A and B, the carotid q 
body chemoreceptors were stimulated by venous blood. Between A and B the sympathetic a 
nerves to the lungs were severed. a 


DISCUSSION 


It has been found necessary in describing our results to enter into details of 
the various controls performed to eliminate passive effects on the pulmonary 
vascular bed. These include bronchomotor effects and those due to changes in 
left auricular pressure and in systemic arterial pressure. In our view we 
cannot overstress the importance of excluding these passive effects in 
examining reflexes affecting the lung blood vessels. 

One feature of these experiments was the variable latent period between 
. turning the taps (c and d in Fig. 1) to perfuse the carotid bodies with venous 
blood and the onset of the pulmonary vascular response. This varied in 
different experiments from 3 to 15 sec, and must have depended in part upon 
the volume output of the carotid sinus perfusion pumps, the dead space 
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between the taps and the carotid sinuses, and the volume flow through the 
carotid bodies. The last named was perhaps the only variable factor in any 
one experiment. Because there was little difference between the latent period 
of the responses of the pulmonary vascular bed, the heart rate and the 
systemic arterial pressure, we attribute the variable delay in onset of all these 
responses to these factors. 

Because of the variability in this latent period it was possible that the 
pulmonary vascular response, instead of being due to a reflex acting directly on 
lung blood vessels, might have been due to an alteration in the secretion of 
a hormone formed elsewhere in the body. This is excluded by the fact that the 
time necessary for a hormone to pass through the extracorporeal circulation 
to the perfused lungs in our experiments exceeded 20 sec (Daly & Daly, 1957c) 
which is greatly in excess of the observed minimum latency of the responses to 
carotid body stimulation. 

Since in our opinion all passive effects have been eliminated, it is con- 
cluded that stimulation of the carotid body chemoreceptors causes a reflex 
decrease in pulmonary vascular resistance which is mediated by cervical 
vagosympathetic cholinergic nerve fibres. In this connexion, pulmonary 
vasodilator fibres of this kind have been shown to exist in the cervical 
vagosympathetic nerve of the dog (I. de B. Daly & Hebb, 1952). But it is 
not possible to say whether these fibres, originally demonstrated by means of 
electrical stimulation of the vagus, are the same as those activated reflexly by 
carotid body chemoreceptor stimulation. 

Passive effects affecting pulmonary vascular resistance, in particular 
changes in systemic (bronchial) arterial pressure, having been excluded, it is 
evident that the observed change in pulmonary vascular resistance to stimula- 
tion of the carotid body chemoreceptors is the result of a reflex effect on 
intrapulmonary blood vessels. We are, however, unable to indicate the 
vascular territory involved in this response. One possible mechanism is that 
the response is due to dilatation of the pulmonary vascular bed proper and 
another, that it is the result of a reflex alteration in bronchial vasomotor tone 
causing a redistribution of blood between the bronchial and pulmonary vascular 
systems (Berry & I. de B. Daly, 1931). This latter explanation does not seem 
unreasonable in view of the finding that the vagus nerve functionally innervates 
the bronchial vascular bed (Bruner & Schmidt, 1947). The decision as to which 
of these two explanations is the correct one can only be decided by experiments 
in which chemoreceptor reflexes are tested under conditions which preclude 
the exchange of blood between the bronchial and pulmonary vascular systems 
(I. de B. Daly, 1956). 

The demonstration of a lung blood vessel reflex appears to us to have an added 
significance in that a physiological stimulus to the carotid bodies was used in 
our experiments. 
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SUMMARY 


1. An investigation has been made of the effects of stimulation of the carotid 
body chemoreceptors upon the pulmonary vascular resistance in the chloralosed 
dog. Pulmonary vascular responses were measured by controlled perfusion of 
part of the pulmonary vascular bed. Chemoreceptors were stimulated by 
changing the perfusate from arterial to venous blood. 

2. Under conditions in which systemic arterial pressure changes did not 
participate, stimulation of the chemoreceptors caused a decrease in pulmonary 
vascular resistance as indicated by a reduction in the pressure gradient across 
the pulmonary vascular bed at constant pulmonary arterial blood flow, or by 
an increase in pulmonary arterial blood inflow volume at constant head of 
pressure. 

3. This response occurred independently of changes in bronchomotor tone 
and in left auricular pressure. 

4. The decrease in pulmonary vascular resistance persisted after destruction 
of the sympathetic nerves to the lungs, but was abolished by section of the 
carotid sinus nerves. It was also abolished by section of the cervical vago- 
sympathetic nerves or by atropinization. 

5. It is concluded that carotid chemoreceptor stimulation causes a reflex 
decrease in pulmonary vascular resistance which is mediated by vagal 
cholinergic fibres. The possible intrapulmonary vascular mechanisms re- 
sponsible for this reflex response are discussed. 


We wish to express our thanks to Mr 8. B. Cross, Miss Joan Cleugh and Miss Jennifer Barnett 
for valuable technical assistance. 


REFERENCES 


Arrres, V. H. (1950). An electronic stimulator for biological research. J. aci. Instrum. 27, 43-47. 

Berry, J. L. & Daty, L. pz Buren (1931). The relation between the pulmonary and bronchial 
vascular systems. Proc. Roy. Soc. B, 108, 319-336. 

Bruner, H. D. & Scumuipt, C. F. (1947). Blood flow in bronchial artery of the anesthetised dog. 
Amer. J. Physiol. 148, 648-666. 

Cuonecnarogn, D., Dany, M. ps Burcu & Souwurrzmr, A. (1952). The blood supply of the 
carotid body in cata, dogs and rabbits. J. Physiol. 117, 347-358. 

Daty, I. pt Buren (1956). Pulmonary vasomotor activity and its possible functional significance. 
Symposium on Pulmonary Circulation and Respiratory Function. University of St Andrews. 
Edinburgh: Livingstone. 


Daty, I. pz Burnes & Dany, M. pz Buren (19572). The effects of stimulation of the carotid 
rs on pulmonary vascular resistance in the dog. J. Physiol. 187, 28-29 P. 
Daty, L. ps Burnes & Daty, M. pz Buran (19575). The effects of stimulation of the carotid sinus 
on pulmonary vascular resistance in the dog. J. Physiol. 137, 56 P 
Daty, I. pz Bureu & Dany, M. pz Bureu (1957c). Observations on the changes in resistance 
the vascular bed in response to stimulation of the carotid sinus 
the dog. J. Physiol. 187, 427-435. 
Daty, L. pz Bure, Duxs, H., Hess, C. O. & J. (1948). Pulmonary vasomotor 
Sheen in the eympathetio chain and it associated ganglia in the dog. Quart. J. exp. Physiol. 
285-313. 


ey 
wi 
i 
+ 
4 


446 I. DE BURGH DALY AND M. DE BURGH DALY 


Daty, I. pt Buren & Hzss, C. O. (1952). Pulmonary vasomotor fibres in the cervical vago- 
sympathetic nerve of the dog. Quart. J. exp. Physiol. 37, 19-43. 

Daty, M. pz Buros, Lampgersen, C. J. & Sonwerrzmr, A. (1954). Observations on the volume 
of blood flow and oxygen utilization of the carotid body in the cat. J. Physiol. 125, 67-89. 

Daty, M. pz Burnes & Scuwerrzmr, A. (1951). Reflex bronchomotor responses to stimulation 
of receptors in the regions of the carotid sinus and arch of the aorta in the dog and cat. 
J. Physiol. 113, 2. 

Konzert, H. & Réssier, R. (1940). Versuchsanordnung zu Untersuchungen an der Bronchial- 
muskulatur. Arch. exp. Path. Pharmak. 195, 71-74. 


T 
(q 
I 
the 
| pul 
195 
pul 
‘of 
q hov 
occ 
4 by 
| pul 
pre 
pul 
Pay 
car 
4 Cats 
(Ne 
chlo 
A 
eith, 
wert 
: peal 
tion 
eack 


447 


J. Physiol. (1957) 137, 447-459 


THE EFFECTS OF STIMULATION OF THE CAROTID SINUS 
BARORECEPTORS UPON THE PULMONARY ARTERIAL 
BLOOD PRESSURE IN THE CAT 


By E. AGOSTONI*, J. E. CHINNOCK+ anp M. pze BURGH DALYt 
From the Department of Physiology, University College London 
(Received 16 April 1957) 


In the dog, stimulation of the carotid baroreceptors by raising the pressure in 
the isolated perfused carotid sinus preparation resulted in a reflex fall in 
pulmonary arterial pressure (Tournade & Malméjac, 1932; Daly & Schweitzer, 
1956). When the carotid sinus pressure was restored to its original level, the 
pulmonary arterial pressure rose to a level exceeding its control value (the 
‘after-rise’) before returning to normal (Daly & Schweitzer, 1956). In the cat, 
however, von Euler & Liljestrand (1946) and Logaras (1947) found that 
occlusion of the common carotid arteries or stimulation of the baroreceptors 
by traction on the common carotid artery had hardly any effect on the 
pulmonary arterial pressure despite considerable changes in systemic blood 
pressure. 

We have, therefore, reinvestigated the effects of these reflexes on the 
pulmonary arterial pressure in the cat. Our results which are presented in this 
paper confirm those of Daly & Schweitzer (1956) in that stimulation of the 
carotid sinus baroreceptors causes definite changes in pulmonary arterial 
pressure. 

METHODS 
Cats, varying in weight from 2-1 to 4-4 kg, were anaesthetized with either sodium pentobarbitone 
(Nembutal, Abbott. Laboratories, 40-45 mg/kg body weight, intraperitoneally) or a mixture of 
chloralose (0-05 g/kg) and urethane (0-5 g/kg body weight), intraperitoneally. Some animals were 
anaesthetized with ethyl chloride and ether and then decerebrated. 

All animals were ventilated artificially with a Starling ‘Ideal’ pump and the chest was opened 
either in the mid line or in the fourth left intercostal space. Changes in resistance to lung inflation 
were measured in some experiments by the method of Konzett & Réssler (1940). The constant 
peak inflationary pressure varied from 4 to 7 cm water in different experiments, and the ventila- 
tion overflow volume, that is, the volume of air spilling over the constant pressure device with 
each respiration, was measured with a piston recorder. 


* On leave from Department of Physiology, University of Milan. 
+ Present address: Department of Physiology, Queen’s College, Dundee. 
t Locke Research Fellow of the Royal Society. 
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The carotid sinus nerve was prepared for stimulation using an approach similar to that described 
by von Euler, Liljestrand & Zotterman (1939). The aortic nerves were isolated in the neck at the 
site of their junction with the superior laryngeal nerve and with the vagus. Small shielded 
platinum wire electrodes mounted in Perspex were used for stimulation of these nerves, An 
Attree (1950) electronic stimulator was used giving independent control of the voltage, frequency 
and duration of the rectangular pulses. 

In some experiments both carotid sinuses were isolated from the circulation by ligating all 
branches of the common carotid artery and were perfused with heparinized cat blood by the 
method described by Daly (1955). This method enabled the mean pressure and the pulse pressure 
in the carotid sinus to be varied independently. 

Pulmonary arterial pressure was measured by thrusting a short wide-bore needle through the 
wall of the pulmonary artery. Left atrial pressure was measured by inserting a wide-bore needle 
through the auricular appendage. A cannula was also put in the right atrium through the right 
external jugular vein. The methods of registering these pressures on the kymograph were similar 
to those described by Daly & Schweitzer (1956). Systemic blood pressure was recorded from a 
femoral artery by means of a mercury or a Hiirthle manometer. Heart rate was measured in some 
experiments by the method described by Daly & Schweitzer (1950) using a Gaddum drop timer 
(Gaddum & Kwiatkowski, 1938). Clotting of blood in the cannulae was prevented by heparin 
(Liquemin, Roche Products, 7-8 mg/kg intravenously). 

In one cat an upper thoracic sympathectomy was performed under Nembutal anaesthesia 
with full aseptic precautions. The stellate ganglion and sympathetic chain down to T8 were 
removed on one side, followed 10 days later by a similar operation on the other side. The final 
experiment was carried out 23 days after the first operation. 


RESULTS 
Effect of occlusion of the common carotid arteries 
The effect of bilateral occlusion of the common carotid arteries was tested in 
ten experiments. The results are summarized in Table 1. In four tests in four 
experiments, a rise in pulmonary arterial pressure occurred and was accom- 
panied by a rise in systemic blood pressure. The typical response is shown 
in Fig. 1a. Releasing the clamps on the common carotid arteries caused the 
pulmonary arterial and systemic blood pressures to return to their original 


TaBLE 1. The effects of bilateral common carotid occlusion, of electrical stimulation of the 
carotid sinus and aortic nerves and of increasing the carotid sinus perfusion pressure, upon 


the pulmonary arterial blood pressure 
Pulmonary arterial pressure response 


Fall followed No 
Test Rise only Fallonly by after-rise response 

Common carotid occlusion 4 (4) —_ —_ 6 (7) 

Carotid sinus nerve section (L) 4 (4) a= ~ 1 (1) 
Carotid sinus nerve stimulation §(L) 1 (1) 3 (11) 2 (7) — 
(R) — 6 (19) 
Aortic nerve stimulation (L) — 6 (10) — sks 
(R) 1 (2) 2 (6) _ sets 
Carotid sinus pressure increase _ 8 (16) 1 (2) om 


The open figures indicate the number of experiments, those in parentheses the number of 
individual tests. L —left side; R —right side. 
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levels. The left atrial pressure did not usually change in response to occlusion 
of the carotid arteries although occasionally a small rise or fall was observed. 
Comparison of the pressure changes shows that the rise in pulmonary arterial 
pressure was always accompanied by no change or a fall in pressure in the left 
atrium, indicating an increase in pressure gradient across the pulmonary 
vascular bed. Section of the carotid sinus nerves abolished the effects of 
carotid occlusion on both the systemic and pulmonary arterial blood pressures. 


Fig. 1. Cat, 9, 3-0 kg Nembutal. In @, both common carotid arteries were occluded and then 
released. In 6, the left carotid sinus nerve was stimulated, 2 V, 1 msec, 50 c/s. In this and 
in subsequent figures: LAP=left atrial pressure; RAP-=right atrial pressure; PAP = 
pulmonary arterial pressure; CSP =carotid sinus pressure; B.P. =systemic blood pressure ; 
HR =heart rate. 


Effect of division of the carotid sinus nerves 
The results which are summarized in Table 1 show that division of either 


carotid sinus nerve almost invariably caused a rise in pulmonary arterial 


pressure. This effect was accompanied by a rise in systemic blood pressure and 
acceleration of the heart. Similar results were obtained by Daly & Schweitzer 


(1956) in the dog. 


Schafer (1919) showed in the cat that section of either cervical vago- 


_ sympathetic nerve caused a rise in systemic and pulmonary arterial pressures. 
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We have confirmed these findings. Division of the left or right cervical vago- 
sympathetic nerve in three animals caused a rise in systemic and pulmonary 
arterial pressures and in pressure gradient across the pulmonary vascular bed. 
A similar effect was observed in five of six other experiments when these 
nerves were divided simultaneously. These effects occurred whether or not the 
aortic nerves had already been divided. In the sixth experiment, no change in 
either systemic or pulmonary arterial pressure occurred. 


Effects of electrical stimulation of the sino-aortic nerves 

Effects of stimulation of the carotid sinus nerve. The range of electrical stimuli 
used in this investigation was 1-5 V, 0-1-1-0 msec pulse duration and 50-100 c/s. 
The results of twelve experiments made on cats under Nembutal or decerebrate 
are summarized in Table 1. Stimulation of either carotid sinus nerve caused 
bradycardia, a fall in systemic blood pressure and usually a fall in pulmonary 
arterial pressure. On cessation of the stimulus the pulmonary arterial pressure 
usually returned to its original level, although an after-rise in pressure occurred 
in seven tests in two experiments (Table 1 and Fig. 16). The size of the fall in 
pulmonary arterial pressure depended on the strength of the stimulus applied 
to the nerve. Reductions in mean pressure up to 7 cm saline (5 mm Hg) were 
observed, representing a change of 30% in the control pulmonary arterial 
pressure. However, when the stimulus was prolonged, the initial fall in 
pulmonary arterial pressure was followed by a gradual recovery, sometimes 
to its original level. A partial recovery of the systemic blood pressure also 
occurred. These effects are probably due to the buffering action of the baro- 
receptors in the contralateral carotid sinus and arch of the aorta, for after 
section of the contralateral carotid sinus nerve or of the aortic nerves, not only 
was the initial depressor response increased, but there was less recovery of the 
pressures during the period of prolonged stimulation (cf. Hering, 1927; Daly 
& Schweitzer, 1956). An increased pulmonary arterial depressor response to 
stimulation of the carotid sinus nerve after section of both aortic nerves is 
shown in Fig. 2. 

Effects of stimulation of the aortic nerve. The results summarized in Table 1 
show that similar effects were obtained on electrical stimulation of the left or 
right aortic nerve. The bradycardia and fall in systemic blood pressure were 
accompanied by a reduction in pulmonary arterial pressure. On cessation of 
the stimulus, the pulmonary arterial pressure returned to its original level, 
and in none of the tests was an after-rise observed. Since the pulmonary 
arterial pressure effects were accompanied by a rise or no change in left atrial 
pressure, the pressure gradient across the pulmonary vascular bed decreased. 
The sizes of the pulmonary arterial depressor response were similar to those 
obtained on stimulation of the carotid sinus nerve. They were found to be 
increased by section of both carotid sinus nerves. 
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It will be noted in Table 1 that, in one experiment in which the aortic nerve 
was stimulated and in another involving stimulation of the carotid sinus nerve, 
a rise in pulmonary arterial pressure occurred. This effect was accompanied 
by no change or & rise in systemic blood pressure and may have been due to 
the prepotency of effects of stimulation of the chemoreceptor fibres in the 
nerve. 


Fig. 2. Cat, 3, 42 kg Nembutal. ‘The effect of electrical stimulation of the left carotid sinus 
nerve, 3 V, 1 msec, 50 c/s, before (a) and after (6) section of both aortic nerves. 


The effects of altering the carotid sinus perfusion pressure 

In cats anaesthetized with a mixture of chloralose and urethane, both 
carotid sinuses were isolated from the circulation and perfused with heparinized 
cat blood. In eighteen tests in nine experiments (Table 1) raising the mean 
carotid sinus perfusion pressure caused a fall in systemic blood pressure, 
bradycardia and fall in pulmonary arterial pressure. Lowering the carotid 
sinus pressure to its original level was usually followed by a return of the 
pulmonary arterial pressure to its control value. In only two tests in one 
experiment did an after-rise in pressure occur such as was observed by Daly & 
Schweitzer (1956) in the dog. The typical effect is shown in Fig. 3. The values 
for systemic and pulmonary arterial pressure before and after raising the 
carotid sinus pressure are presented graphically in Fig. 4 for the initial tests 
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in seven experiments. It was shown further that lowering the carotid sinus 
pressure caused a rise in both systemic and pulmonary arterial pressures. These 
reflex changes in pulmonary arterial pressure on raising or lowering the carotid 
sinus pressure were usually enhanced by section of both cervical vago- 
sympathetic nerves. 


Fig. 3 Fig. 4 
Fig. 3. Cat, 2, 3-4 kg. Chloralose-urethane. Perfusion of both carotid sinuses isolated from the 
circulation. Effect of raising the carotid sinus pressure. 
Fig. 4. Graph showing the values for systemic and pulmonary arterial pressures before (@) and 


after (©) raising the carotid sinus perfusion pressure. The plots represent the initial tests 
in seven experiments. Both cervical vagosympathetic nerves were intact. 
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The changes occurring in left atrial pressure on stimulating the carotid 
baroreceptors were variable. In five experiments the pressure did not change, 
in one it increased, whereas in two others, one of which is depicted in Fig. 3, 
it fell. In all eight experiments the pressure gradient across the pulmonary 
vascular bed decreased. In the ninth experiment no measurement of left atrial 
pressure was made. Measurements of right atrial pressure were made in three 
of these experiments and it was found that raising the carotid sinus pressure 
caused either no change or a small fall in pressure. 

The importance of arterial pulse pressure in the reflex control of the cardio- 
vascular system has been stressed by McCrea & Wiggers (1933) and more 
recently by Had, Green & Neil (1952). Ead et al. (1952) showed that if the 
blood flow in the carotid artery in the cat was converted from a pulsatile to 
a steady pressure without change in mean pressure, a reflex rise in systemic 
blood pressure occurred, provided the aortic nerves were cut. We have con- 
firmed this finding in the present experiments and have shown further that, 
at the same time, a reflex rise in pulmonary arterial pressure occurs. The results 
obtained in one experiment are shown in Fig. 5A. The pressure in the carotid 
sinuses was converted from a pulsatile to a steady pressure without changing 
the mean pressure, by turning off the pulsations applied to the blood in the 
carotid sinus reservoir (Daly, 1955). This resulted in a rise in systemic blood 
pressure from 105 to 155 mm Hg and a rise in pulmonary arterial pressure from 
30:5 to 33-5 cm saline (22-5-24-5 mm Hg). The left atrial pressure diminished. 
When the pulsations in the carotid sinuses were restored, again without 
changing the mean pressure, the systemic and pulmonary arterial pressures 
returned almost to their control values. Section of the carotid sinus nerves 
abolished the effects of altering the carotid sinus pressure on both the systemic 
and pulmonary arterial pressures. 

Further experiments showed that the observed cardiovascular effects of 
altering the carotid sinus pressure and also of electrical stimulation of the 
carotid sinus and aortic nerves were not caused by respiratory efforts con- 
sisting of rhythmical movements of the ribs and abdominal muscles. Such 
movements were especially evident in a few experiments in which electrical 
stimulation of the sino-aortic nerves was carried out, presumably through 
excitation of chemoreceptor fibres in the nerves. In several experiments 
decamethonium iodide (Geigy) was given in a dose (0-:25-0-5 mg/kg) sufficient 
to abolish all spontaneous respiratory movements. With few exceptions the 
pulmonary arterial pressure responses to stimulation of the sino-aortic nerves 
and to raising the carotid sinus pressure were the same as before. Further- 
more, it was found that the pulmonary arterial pressure responses bore no 
consistent relationship to reflex changes in bronchomotor tone (Daly & 

Schweitzer, 1951), as indicated by alterations in ventilation overflow volume. 
Abolition of reflex bronchoconstriction by atropine did not appreciably alter 
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the pulmonary arterial depressor responses to carotid sinus nerve stimulation 
or to raising the carotid sinus pressure. 


Fig. 5. Cat, g, 36 kg. Chloralose-urethane. Both cervical vagosympathetic, recurrent laryngea! 
and phrenic nerves cut. Decamethonium, 1-5 mg intravenously before the recording. Per- 
fusion of both isolated carotid sinuses. In A, the pulsations applied to the carotid sinus 
perfusion reservoir were temporarily stopped, the mean pressure remaining unchanged. The 
test was then repeated. After crushing the stellate ganglion, rami communicantes T1-T3, 
the sympathetic chain below level of T3 and the thoracic vago-sympathetic nerves on pot 
sides, the mean carotid sinus pressure was raised in B and lowered in C. 


Effect of denervation of the lungs upon the reflex pulmonary 
arterial pressure responses 
It was found by Daly & Schweitzer (1956) that, in the dog, the reflex 
pulmonary arterial depressor response to electrical stimulation of the carotid 
sinus nerve or to raising the carotid sinus pressure persisted after denervation 
of the lungs. We have confirmed this finding. In three preparations, in which 
the lungs were acutely denervated by division of both cervical vagosympathetic 
nerves and by crushing on both sides the stellate ganglia, rami communicantes 
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T1-T3, the sympathetic chain below T3 and the thoracic vagosympathetic 
nerves, altering the carotid sinus perfusion pressure still caused changes in 
pulmonary arterial pressure. The effects occurring in one experiment are shown 
in Fig. 5B, C. An increase or decrease in carotid sinus pressure caused 
respectively a fall and rise in systemic and pulmonary arterial pressures with 
no change in heart rate. 

In all three experiments, raising the carotid sinus pressure caused a fall in 
left atrial pressure (Fig. 5B). This fall, however, was always smaller than the 
reduction in pulmonary arterial pressure and so the pressure gradient across 
the pulmonary vascular bed diminished. 

In one other experiment a more complete sympathectomy of the heart and 
lungs was performed. Both stellate ganglia and sympathetic chains down to 
T8 were removed at previous operations. The cervical vagosympathetic and 
recurrent laryngeal nerves were divided at the final experiment. Raising the 
carotid sinus pressure had a similar effect on the systemic and pulmonary 
arterial pressures as in the other three experiments. The right atrial pressure 
decreased slightly, whereas the left atrial pressure showed an initial rise 
followed by a fall. Slight slowing of the heart occurred in this experiment 
18-25 sec after raising the carotid sinus pressure and at least 10 sec after the 
pulmonary arterial pressure began to fall. This bradycardia may have heen 
the result of a reflex decrease in the secretion of suprarenal medullary hormones 
(Heymans, 1928; Aomura, 1930). 

These experiments show, therefore, that the reflex changes in pulmonary 
arterial pressure occurring in response to altering the carotid sinus pressure 
are not dependent upon the integrity of the innervation of the lungs. 


DISCUSSION 


Our results have shown that in the cat electrical stimulation of the carotid 
sinus nerve or stimulation of the baroreceptors by raising the carotid sinus 
pressure causes reflex pulmonary arterial depressor responses which occur 
independently of changes in respiration and in bronchomotor tone. Similar 
responses were shown in the dog by Tournade & Malméjac (1932) and by Daly 
& Schweitzer (1956). We have shown further that electrical stimulation of the 
aortic nerve has a similar effect on the pulmonary arterial pressure, and this 
confirms the results of Schafer (1920) using vagotomized rabbits breathing 
spontaneously. 

Repeated measurements of left atrial pressure showed that although con- 
siderable variability in the response occurred from one preparation to another, 
the size of the effect was always smaller than that on the pulmonary arterial 
pressure and, in consequence, the pressure gradient across the pulmonary 
vascular bed invariably diminished. This latter effect might be the result of 
pe in pulmonary vascular resistance or of changes in right ventricular 
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output or both. The pulmonary arterial depressor response is clearly not 
entirely dependent upon pulmonary vascular resistance changes of nervous 
origin, because it occurs in preparations with denervated lungs. However, 
changes in pulmonary vascular resistance may also occur passively as a result 
of variations in sytemic (bronchial arterial) blood pressure by altering the 
volume of blood transferred between the bronchial and pulmonary vascular 
systems (Berry & I. de B. Daly, 1931). Whilst such a mechanism cannot be 
completely ruled out as a cause of the observed changes in pulmonary arterial 
pressure even in preparations with denervated lungs, the observations of Daly 
& Daly (1957) indicate that, in the dog at least, the passive effect of an altera- 
tion in bronchial arterial pressure consequent upon carotid sinus distension 
is to cause an increase in pulmonary vascular resistance, not a decrease. Thus 
the reflex fall in pulmonary arterial pressure is most likely due to a diminution 
in pulmonary blood flow. M. de B. Daly & C. P. Luck (unpublished) have 
shown that raising the carotid sinus pressure in the dog resulted in a diminution 
in pulmonary blood flow measured continuously by means of a rotameter 
flow-meter and a similar effect was observed in preparations in which the lungs 
were denervated. Recently, Leusen, Demeester & Bouckaert (1954, 1956) have 
shown that a reduction in carotid sinus pressure resulted in an increase in 
cardiac output, measured by the dye dilution technique. It is evident, there- 
fore, that a fall in pulmonary arterial pressure can be accounted for by a 
reduction in pulmonary blood flow. In preparations with denervated heart 
and lungs this latter effect must be attributed to capacity effects in the systemic 
circulation through changes in arteriolar and venomotor tone. 

Daly & Schweitzer (1956) found in the dog that cessation of the electrical 
stimulus applied to the carotid sinus nerve or lowering the carotid sinus 
pressure to its original level after a test rise resulted in a conspicuous after-rise 
in pulmonary arterial pressure. A similar response was observed by Schafer 
(1920) after electrical stimulation of the aortic nerve in the rabbit. In the 
present investigation the after-rise was less evident; the pulmonary arterial 
pressure usually recovered gradually to its original level. The reason for this 
difference is not at present clear. In this study the series of experiments 
involving electrical stimulation of the sino-aortic nerves were completed first 
and it was thought at the time that the absence of the after-rise might be due 
to the depressed state of the cardiovascular reflexes in our preparations. 
Nembutal was the anaesthetic used in most of them because, in the cat, 
chloralose, although having less of a depressant action on cardiovascular 
reflexes, reverses the usual systemic blood pressure response to electrical 
stimulation of the sino-aortic nerves (Neil, Redwood & Schweitzer, 1949). In 
this connexion also, Daly & Schweitzer (1956) noted that the after-rise in 
pulmonary arterial pressure was less evident in dogs under Nembutal than 
under chloralose anaesthesia. This would not, however, appear to be the whole 
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explanation of the absence of the after-rise in pulmonary arterial pressure 
observed in the present experiments, because no such effect occurred in two 
decerebrate preparations. Furthermore, in eight of nine chloralosed cats, no 
after-rise in pulmonary arterial pressure occurred on lowering the carotid sinus 
pressure to its original level after a test rise. The fact that considerable changes 
in systemic and pulmonary arterial pressures could be elicited simply by 
altering the pulse pressure in the carotid sinuses without changing the mean 
pressure suggests that, at least in some of these preparations, their condition 
was such that there was no undue depression of cardiovascular reflexes. 

An interesting point arose in the vagotomized preparations in which the 
sympathetic nerves to the heart and lungs were divided. It may be noted in 
the experiment from which Fig. 5 is taken that whereas the reflex rise in 
systemic and pulmonary arterial pressures before sympathectgmy was accom- 
panied by a fall in left atrial pressure (A), the same reflex response elicited after 
sympathectomy was accompanied by a rise in left atrial pressure. The reflex 
rise in systemic blood pressure is usually accompanied by an increase in 
cardiac output (Leusen ef al. 1954, 1956) and a similar increase occurs in 
vagotomized preparations (M. de B. Daly & C. P. Luck, unpublished). 
Since the changes in heart rate were small, the left ventricular stroke work 
will presumably be increased in the tests both before and after sympa- 
thectomy (Fig. 5.A,C). In this preparation the cervical vagosympathetic nerves 
had already been cut, and the procedure of bilateral upper thoracic sympa- 
thectomy therefore completely denervated the heart. Thus the rise in left atrial 
‘pressure accompanying the increased left ventricular stroke work after 
sympathectomy (Fig. 5C) would be expected on the basis of Starling’s ‘Law 
_ of the Heart’. On the other hand, the fall in left atrial pressure accompanying 
the increased left ventricular stroke work before sympathectomy was probably 
the result of a positive inotropic action on the heart through a reflex increase 
_ Insympathetic tone and increased secretions of suprarenal medullary hormones, 
_ both of which are known to increase the ventricular stroke work per unit of 
effective filling pressure. In this connexion, Sarnoff & Berglund (1954) have 
_ pointed out that a change in filling pressure of one ventricle accompanied by 
a change in ventricular stroke work in the opposite direction does not neces- 
sarily indicate that Starling’s law of the heart no longer holds: there is not one 
curve relating filling pressure and ventricular stroke work but a ‘family’ of 
curves depending on the state of the circulatory system. Thus factors which 
influence the efficiency of the ventricle can alter the position of the ventricular 
function curve of any given heart. 
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SUMMARY 


1. The effects of sino-aortic reflexes upon the pulmonary arterial pressure 
have been investigated in the anaesthetized or decerebrate cat, with open 
chest, under artificial respiration. 

2. Bilateral occlusion of the common carotid arteries or section of the 
carotid sinus nerves caused a rise in systemic and pulmonary arterial pressures. 

3. Electrical stimulation of the carotid sinus or aortic nerve caused a fall 
in systemic blood pressure, slowing of the heart and a fall in pulmonary arterial 
pressure. Similar effects were observed on raising the pressure in the carotid 
sinus isolated from the circulation. 

4. The pulmonary arterial depressor responses to electrical stimulation of 
the sino-aortic nerves or to raising the carotid sinus pressure were increased 
by section of the afferent nerves from the vasosensory zones not under 
test. | 
5. The reflex changes in pulmonary arterial pressure were not dependent 
upon pressure effects transmitted through the lungs from the left atrium, 
changes in respiration and bronchomotor tone, or upon the integrity of the 
vagal and sympathetic innervation of the lungs. 


Thanks are due to Mr D. R. Bacon for technical assistance. The expenses of part of this work 
were defrayed from a grant from the Medical Research Council to one of us (M. de B. D.). During 
the period of this investigation one of us (J. E. C.) was in receipt of a Bayliss-Starling Scholarship. 
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CEREBROSPINAL FLUID SENSITIZING THE FROG 
RECTUS MUSCLE TO ACETYLCHOLINE 
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(Received 10 April 1957) 


Cerebrospinal fluid (c.s.f.) has the property of sensitizing the frog rectus muscle 
to acetylcholine, without having a contracting effect of its own on this muscle. 
This was first observed by Feldberg & Sherwood for c.s.f. of man; later the 
same effect was obtained with c.s.f. of cats and with washings from the exposed 
cerebral cortex of cat’s brain (Feldberg, Malcolm & Sherwood, 1956). 

In the present experiments some of the properties of the sensitizing substance 
in c.s.f. were examined. It was found to have the properties of a protein, and 
according to paper electrophoresis experiments it appears to belong to the 
gamma globulins. It was further found that a similar sensitizing effect could 
be obtained with aqueous humour, but not with human serum or the gamma 
globulin fraction of human plasma, so that the substance responsible for the 
sensitizing action is not derived from the blood. On the other hand, such an 
effect is produced by brain extract. 


METHODS 


Samples of human c.s.f. were obtained by lumbar puncture from patients suffering from temporal 
or thalamic epilepsy, status epilepticus, schizophrenia or catatonic stupor, depression or head 
injury with hemiparesis, cerebral atrophy, chiasma compression, neoplasm of brain and headache 
probably of psychogenic origin. The samples were brought to the laboratory in a Thermos flask 
covered with ice and were tested either within 24 hr or kept frozen at 0 to -4° C up to 1 week 
before testing. The results were the same. A few samples were dialysed under pressure and others 
were used for paper electrophoresis. 

The aqueous humour examined was obtained from anaesthetized cats by puncturing the cornea 
and removing the fluid of the anterior chamber of the eye with a syringe. 

The brain extract tested was an acetone powder prepared from a recently killed guinea-pig. 

Pressure dialysis. The apparatus consisted of a cellophane tube and a glass bulb with a pair of 
outlets opposite each other. The cellophane tube, closed at its lower end by a knot, was filled with 
c.8.f. The upper end was then fitted with a perforated rubber stopper to which one outlet was 
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connected to & compressed air system and closed when the desired pressure—1-5 kg/cm*—was 
attained. The apparatus was then disconnected from the compressed air system. The glass bulb 
served as a pressure reservoir. The cellophane tube was protected against bursting by enclosure 
in a silk tube. It was placed in a 21. glass cylinder filled with distilled water which was renewed 
daily until the volume of the c.s.f. was reduced to the desired amount. The dialysis was carried out 
at 4° C and the pressure was readjusted daily. 

Paper electrophoresis. Strips of 40 cm length and of varying width of Whatman no. 3 paper, 
were moistened with 0-5m veronal buffer of pH 8-6. The sample to be tested was applied in a trans- 
verse line in the middle of the strip, which was placed in a closed chamber. Both ends of the strip 
were dropped in veronal buffer solution which was connected to the electrodes, and 200 V was 
applied for 6 hr at room temperature. Two strips were used simultaneously. After the electro- 
phoresis they were dried at room temperature; one was used for staining and the other for bio- 
logical assay. Azocarmine was used for staining the proteins, according to the procedure described 
by Turba & Enenkel (1950), and the density of the azocarmine colour along the length of the strip 
was measured photometrically in an Eel ‘Scanner’ photometer in order to obtain a diagram of the 
distribution of the protein on the paper strip. The strip used for biological assay was cut trans- 
versely in 1 em sections which were immersed in 5 ml. frog Ringer's solution and kept there for 
2 hr. The solution was then neutralized with x/3 HCl and tested in a 50% concentration on the 
frog rectus muscle. 

Pharmacological tests. For testing the sensitizing effect on the frog rectus muscle, the muscle 
was suspended in 5 ml. frog Ringer’s solution containing eserine sulphate in a concentration 
1:200,000. The same dose of ACh was given every 5 min and kept in the bath for 90 sec. When 
c.8.f., or fractions of c.s.f., were tested, they were, if not otherwise stated, given together with the 
ACh. For the experiments on the eserinized leech muscle the method was essentially the same 
except that the ACh was added at 15 min intervals and the c.s.f. was tested alone or together with 
ACh. The smooth muscle preparations used were suspended in a 15 ml. bath. 


RESULTS 


Pharmacological effects 

Effect of c.s.f. on the frog rectus abdominis muscle. We confirm the observa- 
tions made by Feldberg et al. (1956), that c.s.f added to the bath fluid in which 
the frog rectus muscle is suspended has no stimulating effect of its own (Fig. 1) 
but increases the contractions produced by subsequent application of ACh 
(Figs. 1, 2). To obtain this sensitizing effect, c.s.f. was usually used in a final 
concentration of 10%. The effect could also be obtained with a 5°% concentra- 
tion and a small sensitizing effect was sometimes obtainable with a 2%, con- 
centration. The sensitization showed the following characteristic features: 


(1) Sensitization developed after a latency of 60-90 sec, reached its maximum 
within a few minutes and then gradually decreased again during the 
following 20-30 min. Therefore, when given together with ACh for 90 sec, 
this first contraction was either not increased or increased only slightly 
(see Fig. 2). In some experiments this contraction was in fact slightly 
reduced. But when the next dose of ACh was tested a much increased 
contraction was seen. Maximal sensitization was often obtained with this 
second contraction, sometimes the third was even slightly stronger or as 
strong as the second contraction, but the subsequent contractions de- 
creased again until the original height was reached. 
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(2) When the sensitizing effect of c.s.f. had worn off, renewed application of 
c.s.f. for 90 sec again sensitized the muscle to ACh, but sensitization became 
less pronounced with each renewed application of c.s.f. This is shown in 
Fig. 2, which illustrates the sensitizing effect of the first (upper tracing) 
and the third (lower tracing) application of c.s.f. 

(3) It was not possible to maintain the high level of sensitization or to change 
its development when instead of applying c.s.f. once for 90 sec, it was 
added with each change of fluid to the bath, so that the muscle remained 
in contact with the c.s.f. for half an hour longer. 

(4) The sensitizing effect of c.s.f. was obtained in the presence and in the 
absence of eserine. 


Fig. 1. Contractions of the eserinized frog rectus muscle in a 5 ml. bath to 0-08yg ACh given at 
5 min intervals and kept in the bath for 90 sec. At the arrow (+) 0-5 ml. of human c.«-f. 
added to the bath and kept in it until the next ACh dose was given together with 10% c.s.f. 
All subsequent contractions again to 0-08ug ACh without c.s.f. 


Fig. 2. Contractions of the eserinized frog rectus muscle in a 5 mi. bath to O2ug ACh given at 
5 min intervals and kept in the bath for 90 sec. The contractions marked by the white spots 

were obtained by 0-2yg ACh together with 0-5 ml. human c.sf. Upper tracing shows the 

delayed sensitizing effect of the first, the lower tracing of the third, application of c.s.f. 
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Effect of ¢.8.f. on the leech muscle. Cerebrospinal fluid had no sensitizing 
effect on the ACh contraction of the leech muscle, whether it was suspended in 
eserinized or non-eserinized solution, nor did c.s.f. stimulate this muscle. 

Effect of c.s.f. on smooth muscle preparations. Cerebrospinal fluid had no 
effect on the following preparations: guinea-pig ileum, rabbit duodenum, rat 
ileum and ox sphincter pupillae. On these preparations it caused neither 
contraction nor did it alter the sensitivity to ACh or to histamine. However, 
c.s.f. often produced a small contraction when added to the isolated atro- 
pinized rat colon preparation. A typical experiment is shown in Fig. 3 in which 
two samples of c.s.f. from different subjects were tested. It will be seen that 
the concentration of the contracting substance varies in different samples of 
c.s.f. There was no evidence that c.s.f. renders the muscle more sensitive to 
5-HT which was used to produce contractions on this preparation. There was 
also no sign of tachyphylaxis to repeated administration of c.s.f. In fact, a 
fresh preparation often became more sensitive to c.s.f. without showing a 
similar increase in responsiveness to 5-HT as illustrated at d and e of Fig. 3. 
Usually 1 ml. c.s.f. in the 15 ml. bath was required to produce a contraction 
but the effect of different samples of c.s.f. varied. The effect of 1 ml. was always 
smaller than that of 0-02 wg 5-HT, in fact, on some preparations which were 
sensitive to 5-HT, only very small contractions were produced by | ml. or even 
2 mi. c.s.f. The effect of c.s.f. was not affected by concentrations of LSD which 
abolished stronger effects of 5-HT (as shown in Fig. 39-4). 


Physico-chemical properties of the sensitizing substance in c.s.f. 

Precipitation with alcohol. When c.s.f. was treated with 4 vol. of ethy! 
alcohol and kept in the ice box for 2 hr a small white precipitate formed. This 
was collected by centrifugation, dried in a stream of nitrogen and redissolved 
in Ringer’s solution. A cloudy solution was obtained which exerted the 
delayed sensitizing effect on the frog rectus muscle (Fig. 4) and contracted the 
_ atropinized rat colon (Fig. 5). The clear supernatant alcohol solution, when 

dried and redissolved in Ringer’s solution, did not sensitize the frog rectus 

muscle (Fig. 4). On the atropinized rat colon it was not fully inactive but 
produced a very small contraction. 

An experiment was set up to measure the amounts of precipitate obtained. 
_ From 33-5 ml. c.s.f. the yield was 20 mg precipitate and 0-6 mg, corresponding 
- to about 1 ml. c.sf., produced the typical effect on both preparations. The 
effect of increasing doses of this precipitate on the atropinized rat colon is 
shown in Fig. 5. The dose-response curve is very flat. It was not possible to 
_ obtain strong contractions even when the amount of precipitate used for 
_ testing was increased several-fold. 
_. Precipitation with 4 vol. of alcohol was used as a routine procedure to 
_ Prepare dry powders of the active substance for storage. 
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Precipitation with acetone. The active principle in c.s.f. is precipitated also 
by acetone. For this purpose 4 vol. of acetone were added to c.s.f. and the 
mixture was kept standing in the ice box for 2 hr. Again a precipitate formed 
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Fig. 3. Effect of ¢.s.f. on rat colon suspended in 15 ml. de Jalon’s solution containing 2ug of 
atropine at 24° C, The contractions at a, c, f and g, are due to 0-02, and that at i, to 0-04yug 
5-HT. The contraction at 5 is due to 1 ml. of one sample and those at d, ¢, A and k, to 1 ml. of 
another sample of c.s.f. From g to the end of the experiment the bath fluid contained 
1-5 yg of LSD. 


d 


Fig. 4. Contractions of the eserimized frog reetus muscle in a 5 mil. bath to 0-25 ug ACh given at 
5 min intervals and kept in the bath for 90 sec. At the first white spot the ACh was given 
together with alcohol filtrate, at the second with alcohol precipitate of c.s.f. corresponding 


to 0-5 ml. of c.s.f, 
0-5 1 2 


3 mg 
Fig. 5. Effect of alcohol precipitate of c.s.f. on rat colon suspended in 15 ml. de Jalon’s solution 
containing 24g of atropine, at 24° C. The unmarked contractions are due to 0-03 ug 5-HT, 


wag 0-5, 1, 2 and 3 mg of precipitate respectively: 0-6 mg precipitate corresponded 
of c.s.f, 
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which was centrifuged off and taken up in 4 ml. frog Ringer’s solution. The 
filtrate was dried first in a stream of N, and later in a desiccator, and then taken 
up in 4 ml. frog Ringer’s solution. The filtrate had no effect on the ACh con- 
tractions of frog rectus muscle, whereas the precipitate as shown in Fig. 6 
caused the typical delayed sensitization. 

Boiling. Fresh o.s.f. kept for 20-30 min in a boiling water-bath no longer 
produced the delayed sensitizing effect on the frog rectus muscle. When the 
dried alcoholic precipitate was suspended in alcohol and then boiled for 10 min 
the precipitate was still active, but after 4 hr the precipitate became inactive. 

Dialysis. A sample of 2 mg of alcohol precipitate was dissolved in 2 ml. 
frog Ringer’s solution and dialysed against 5 ml. frog Ringer’s solution through 
a 4-5 cm* cellophane membrane for 24 hr. The active principle did not pass 
the membrane. 


Fig. 6. Contractions of the @sermized frog rectus muscle in ® Omi. bath to 02g ACh given at 
5 min intervals and kept in the bath for 90 sec. At the first white spot the ACh was given 
together with acetone filtrate, at the second white spot with acetone precipitate corresponding 
to 0-5 ml. c.s.f. 


In another experiment 40 ml. of pooled samples of fresh c.s.f. were dialysed 
for 4 days at 4° C through cellophane under a pressure of about 1-5 kg/cm’. 
At the end of the fourth day the volume of the inner fluid had become reduced 
to 0-25 ml. The concentrated fluid contained the active principle in high con- 
centration. In an amount of 0-006 ml., corresponding to 1 ml. of fresh c.s.f., 
it exerted the characteristic delayed sensitizing effect on the frog rectus muscle. 
The method of pressure dialysis had thus led to more than a hundredfold 
concentration of the active principle. 

Paper electrophoresis. The heat instability, the inability to dialyse, the 
insolubility in aleohol and acetone are all properties of proteins. Therefore 
paper electrophoresis of c.s.f. concentrated by pressure dialysis was carried 
out in veronal buffer, a procedure commonly used for separation of the proteins 
of serum as well as of c.s.f. The paper strip used was 40 cm long and 6 cm wide 
and across the middle of the strip 0-016 ml. concentrated c.s.f., corresponding 
to 2-5 ml. fresh c.s.f., was applied in a line. After electrophoresis for 6 hr the 
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strip was stained with azocarmine. Fig. 7 gives diagrammatically the distri- 
bution of the proteins by plotting the azocarmine density as ordinates along 
the length of the strip as abscissae. The electrophoretic distribution of the 
c.s.f. proteins is similar to that of the serum protein. In the diagram of Fig. 7 


the gamma globulins are at the left of the vertical line, i.e. at the cathodal side. 


At the right of the vertical line towards the anode, the alpha and beta globulins 


—<—|—> + 


v 


Fig. 7. Diagram of the distribution of proteins of c.s.f. by paper electrophoresis. The vertical line 

represents the line on the paper where the c.s.f. was applied. Below the diagram, contractions 
of the eserinized frog rectus muscle in a 5 ml. bath to 0-2 pe ACh given every 5 min and kept 
in the bath for 90 sec. At the white spots the ACh was given together with eluates obtained 
from 1 cm section of the paper strip after electrophoresis of fresh concentrated c.s.f. (upper 
records), and of alcohol precipitate of c.s.f. stored for 2 months (lower records). The eluates 
teated were from regions containing the gamma globulins (left white spots) and from regions 
containing the other globulins (right white spots). For details see text. 
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are in the first 3cm; the high peak about 5 cm from the vertical line results 
from the albumins, 

A second narrower strip (2-5 cm wide) was loaded with 0-04 ml. of the con- 
centrated c.s.f. in the same way and electrophoresis was carried out simul- 
taneously with the other strip. This second strip was cut into transverse 
sections of 1 cm and each strip was eluted in 5 ml. frog Ringer’s solution. The 
eluates were tested on the frog rectus muscle in a 50°, concentration. Only 
the eluates from the first two sections at the left of the vertical line, i.e. 
towards the cathode, gave the delayed sensitizing effect; all other eluates were 
inactive. In Fig. 7 this delayed sensitizing effect from the section containing 
the gamma globulins, and the inactivity of eluate from the sections containing 
the other globulins, are shown in the upper records of the frog rectus muscle. 


The appearance in alcohol-precipitate of c.s.f. of a substance causing an 
immediate sensitization of the frog rectus muscle to acetylcholine 

Under certain conditions alcohol precipitate of c.s.f. acquired an additional 
activity on the frog rectus muscle, namely a sensitizing effect which appeared 
immediately on application of the precipitate together with ACh and disap- 
peared immediately on washing out. One condition was prolonged boiling in 
alcohol, another storage of the dry precipitate for 2 months. The substance 
responsible for this immediate sensitizing effect is soluble in alcohol. 

It was shown that when dried alcohol precipitate was suspended in alcohol 
and boiled for 4 hr the precipitate became inactive. When in these experi- 
ments the alcohol filtrate was also dried after the boiling, redissolved in frog 
Ringer’s solution and tested on the frog rectus muscle, it caused immediate 
sensitization as shown by the fact that the contraction produced by ACh plus 
filtrate was stronger than that produced by ACh alone, given either before or 
subsequently. The effect was not pronounced. It was not possible to obtain 
such an effect on incubation of the freshly prepared alcohol precipitate in 
alcohol at 36° C for 20 hr. 

On the other hand, a relatively strong effect was obtained with an alcohol 
precipitate which bad been stored in the dry state for 2 months. When this 
precipitate was suspended in alcohol, and the alcoholic solution was then 
separated, dried and redissolved in frog Ringer’s solution, it produced 
immediate sensitization of the ACh contraction. The residue produced the 
delayed sensitization. 

On electrophoresis the substance responsible for the immediate sensitization 
moved towards the anode, as shown in a paper electrophoresis experiment 
carried out with the 2-month-old alcohol precipitate in the same way as it had 
been done with fresh concentrated c.s.f. In Fig. 7 the result of this experiment 
is illustrated in the lower records of the frog rectus muscle. On the left is shown 
the characteristic delayed sensitization obtained with eluate from the section 
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containing the gamma globulins, whereas on the right is shown the immediate 
sensitization obtained with a corresponding amount of eluate from a section 
containing the other <cgenees Eluate from the section containing the albumins 
was inactive. 


Effect of human serum and gamma globulin on the acetylcholine 
contractions of the frog rectus muscle 

Since the substance in c.s.f. responsible for the delayed sensitizing effect 
on the ACh contractions of the frog rectus muscle behaves like a gamma 
globulin, the questions arise whether this substance was derived from the blood 
and whether human serum or its gamma globulin fraction would exert a 

Five samples of fresh human serum obtained from different persons were 
examined on the frog rectus muscle. In concentrations of 10-20% three 
samples did not affect the ACh contractions at all, one sample caused a slight 
immediate sensitization and another sample a delayed sensitization, but much 
smaller than that subsequently produced by 10% c.s.f. 

In addition, dried human serum was examined in concentrations of 1-5 
mg/ml. It never caused a delayed sensitization of the ACh contractions, but 
often had a just perceptible immediate sensitizing effect. 

A sample of purified freeze-dried gamma globulin prepared from fresh 
plasma was tested on the frog rectus muscle and on the rat colon. On the frog 
rectus muscle concentrations of 0-5-5 mg/ml. never produced a delayed 
sensitizing effect but usually had a slight immediate sensitizing action on the 
ACh contractions. On the rat colon small contractions could be obtained 
if 15-100 mg were added to the 15 ml. bath. These contractions, unlike those 
produced by c.s.f., were not sustained; they were even smaller than those 
produced by 1 ml. c.s.f. 


Effect of aqueous humour and extracts of acetone-dried brain on 
the acetylcholine contractions of the frog rectus muscle 

Since the sensitizing substance was not present in human serum, the possibility 
had to be considered that it was secreted with the c.s.f. from the choroid 
plexus, or derived from the brain substance. If it were secreted from the 
choroid plexus, it would be expected to be present in the aqueous humour as 
well since the fluids are said to be ‘formed by mechanisms which have a great 
. deal in common’ (Davson, 1956). 

Five samples of cat’s aqueous humour were tested in a concentration of 
1:10 on the ACh contraction of the frog rectus muscle. Four out of these five 
produced the typical delayed sensitization, but the effect was smaller than that 
produced by the same concentration of c.s.f. taken from the same cat or from 
human patients. A typical experiment is shown in Fig. 8. Although the c.s.f. 
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is tested after the aqueous humour, the sensitization produced by the c.s.f. is : 
more pronounced, This result suggests that the sensitizing substance found in . 
c.s.f. is at least partly a secretory product of the choroid plexus. 

Extracts of acetone-dried brain are known to sensitize the frog rectus muscle 
to ACh (Feldberg, 1945; Crossland & Merrick, 1954), but it is not known 


Fig. 8. Contractions of the eserinized frog rectus muscle in a 5 ml. bath to 0-4yug ACh given at : 
5 min intervals and kept in the bath for 90 sec. At the left white spot the ACh was given : 
together with 0-5 ml. aqueous humour, and at the right white spot with 0-5 ml. c.s.f. obtained 
from the same cat. 5 


Fiy. 9. Contractions of the eserinized frog rectus muscle in a 5 mi. bath to 0-2ug ACh given at 
5 min intervals and kept in the bath for 90 sec. The upper records were obtained from the 
one half, the lower from the other half of the muscle. At white spot, extract corresponding 
to 0-6 mg acetone-dried, guinea-pig brain added to the bath alone (upper record) and with 

} ACh (lower record). 
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whether this sensitization is an immediate one, or whether it has a similar 
delayed time course as that produced by c.s.f. The present experiments show 
that the sensitization is delayed. A typical experiment is illustrated in Fig. 9. 
The extract itself had no action of its own on the frog rectus muscle, but sensi- 
tized the effect of subsequent ACh contraction. When given together with ACh 
the maximal sensitization did not occur immediately, but with the subsequent 
contraction when ACh was given about 5 min later. Thus besides secretion from 
the choroid plexus, diffusion from the brain tissue into the c.s.f. may be an 
additional source of the sensitizing substance. 


DISCUSSION 


The experiments described in this paper show that c.s.f. caused not only a 
delayed sensitization of the ACh contraction on the frog rectus muscle but had 
also a small contracting effect of its own on the atropinized rat colon. It was 
hoped that this effect would provide the basis for a quantitative assay of the 
active substance in c.s.f. because the sensitization of the ACh contraction of 
the frog rectus becomes smaller with repeated application: of c.s.f. and thus 
makes it difficult to compare the potency of different c.s.f. samples on this 
preparation. However, the contractions were only very small and the flat 
dose-response curve made a quantitative assay difficult. On other smooth or 
striated muscle preparations so far tested c.s.f. was inactive. There is therefore 
no really good method yet available for assaying accurately samples of c.s.f. 
for the contents of the active substance which produces the sensitization on the 
frog rectus and the contraction on the rat colon. It is, in fact, not even possible 
to conclude with certainty that the sensitization of the ACh contraction of the 
frog rectus muscle and the contraction of the rat colon are due to the same 
substance, because of this difficulty of determining quantitatively the potency 
of c.s.f. on both preparations. The fact, however, that both effects were also 
obtained with the alcohol-insoluble precipitate of c.s.f. favours the view that 
the two effects are properties of the same substance or at least of related 
compounds, 

From the physico-chemical properties studied it appeared that the active 
principle in ¢.s.f. was protein in nature. In electrophoresis experiments it 
moved with the gamma globulin fraction and may therefore well be a gamma 
globulin itself. 

The finding that in two conditions the alcohol precipitate of c.s.f. acquired an 
additional activity, namely, an apparent immediate sensitizing effect on the 
frog rectus muscle, may mean that the active principle in c.s.f. is a complex 
globulin from which a prosthetic group can be released under appropriate 
conditions. 

The two conditions were prolonged boiling of the precipitate in alcohol and 
storage of the dried precipitate for several weeks. Both conditions may easily 
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have led to denaturation with the splitting off of the prosthetic group. The 
fact that the principle producing the immediate sensitization was alcohol 
soluble indicates that it is not protein in nature. The rapid onset and reversi- 
bility of sensitization suggests that the molecule is considerably smaller and 
less absorbable than the whole complex. The fact that in electrophoresis 
experiments it appeared in the region where the alpha and beta globulins were 
found does not mean that it belongs to these globulins, but means only that it 
moves like an acidic substance. 

The assumption, that the effect of c.s.f. results from a complex gamma 
globulin and that an active acidic prosthetic group can be released from it 
under certain conditions, is of interest in relation to other acidic substances 
with pharmacological action, such as Darmstoff and certain unsaturated fatty 
acids (see Vogt, 1956). Many of these substances show sensitizing effects on 
smooth muscle contractions. It is therefore possible that the active principle 
in c.8.f, is a lipo-protein, the protein constituent being a gamma globulin and 
the prosthetic group an acidic lipid. 

It is known that lipo-proteins are present in c.s.f. as was shown by Baudouin, 
Lewin & Hillion (1953) and by Smith, Gerstle, Davis & Orth (1956), although 
in the experiments by Smith e¢ al. the lipo-proteins in paper electrophoresis 
usually did not move with the gamma globulins. 

The fact that it was not possible to imitate the sensitizing action of c.s.f. on 
the ACh contractions of the frog rectus with fresh or dried human serum, or 
with a gamma globulin fraction of human plasma, suggests that the substance 
in c.s.f. is not derived from the plasma. On the other hand, the finding that a 
similar sensitizing effect was obtained with aqueous humour as well as with 
extracts of acetone-dried brain, suggests two possibilities: the substance may 
have been secreted from the choroid plexus, or may have diffused into the 
e.s.f. from the brain tissue, perhaps as a breakdown product of myelin. 


SUMMARY 


1. The observation of Feldberg and Sherwood that human c.s.f. sensitizes 
' the frog rectus muscle to acetylcholine has been confirmed. The sensitization 
is characterized by the fact that it does not occur immediately when c.s.f. 
comes into contact with the muscle, but is delayed in onset and persists for 
many minutes after washing out the c.s.f. 

2. C.s.f. produced a small contraction of the atropinized rat colon, which 
was resistant to LSD, but was inactive on the guinea-pig ileum, rat intestine, 
ox sphincter pupillae and leech muscle preparation. 

3. The active substance in c.s.f. was heat labile, did not dialyse and was 
precipitated in 80% alcohol or acetone. It thus behaved like a protein. 

4. In paper electrophoresis experiments the active substance in c.s.f. was 


found in the gamma globulin fraction. | 
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5. Prolonged boiling of alcohol precipitate of c.s.f. suspended in alcohol led 
to the appearance of an alcohol-soluble substance which had an immediate 
sensitizing action on the acetylcholine contraction of the frog rectus muscle. 
The same effect could also be obtained with dried alcohol precipitate of c.s.f. 
after prolonged storage. 

6. The active substance of native c.s.f. may be a lipo-protein, the protein 
constituent being a gamma globulin and the prosthetic group an acidic lipid. 

7. A delayed sensitizing effect on the frog rectus muscle, similar to that 
produced by c.s.f., was also obtained with cat’s aqueous humour and with 
extracts of acetone-dried guinea-pig brain, but not with human serum or the 
gamma globulin fraction of human plasma. 


We should like to record our gratitude to Dr E. A. Carmichael for providing us with the samples 
of c.s.f., and to Professor A. A. Miles, for the dried human serum and the human gamma globulin, 
used in these experiments. 
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THE RHYTHMICAL ACTIVITY OF GROUPS OF MOTOR UNITS 
IN THE VOLUNTARY CONTRACTION OF MUSCLE 


By 0. C. J. LIPPOLD, J. W. T. REDFEARN* anv J. VUCOT 
From the Department of Physiology, University College London 
(Recewed 13 April 1957) 


Normal voluntary muscular activity in man and other mammals has for a long 
time been known to have a superimposed rhythmical tendency, with a pre- 
dominant frequency at nine or ten per second (Horsley & Schafer, 1886; 
Schafer, 1886). 

The electrical activity of different motor units is in most circumstances 
almost asynchronous, the resulting movement of the whole muscle being 


smoothed apart from the superimposed ripple. Under certain conditions, how- _ 


ever, the motor unit potentials recorded from part or the whole of an active 
muscle may show a periodicity varying from about eight to fourteen times a 
second. Bigland & Lippold (1954a, 6) described this phenomenon in the 
human calf muscles and the small muscles of the hand, but it has not yet been 


conclusively shown that these modulations in frequency of motor unit activity 


correspond with the mechanical oscillations. This paper describes experiments 
upon certain muscles which, during normal activity, may display both the 
electrical and the mechanical rhythmicity. 

It has been found that the frequency of these action potential bursts pro- 
gressively decreases on cooling the muscle, It will be argued that this and other 
evidence supports the hypothesis that the rhythm of this electrical and 
mechanical oscillation is determined by the delay in the stretch reflex servo- 
loop, rather than by purely intraspinal factors. 


METHODS 
The electrical and mechanical recording techniques have already been described (Bigland & 
Lippold, 19644, 6). Action potentials were recorded from the calf in a bin which could be filled 
with water to above knee level at any desired temperature (Fig. 1). The waterproof electrodes 
were of 36 8.w.G. enamelled copper wire, introduced into the muscles in hypodermic needles which 
were subsequently withdrawn. In connexion with these, stringent safety precautions were taken 


* Of the Army Operational Research Group, West Byfleet, Surrey. 
+ British Council Scholar. 
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when using them for stimulation, particularly in the presence of water; there were no earth faults 
in the apparatus, the stimulus was fully floating with respect to earth, and the two electrodes were 
always used in the same limb. 

Frequency measurements were made from continuous paper records by estimating visually 
the middle of each burst of action potentials and measuring the time interval. Those portions of 
record showing the most prominent bursts were usually selected. Frequency analysis was un- 
necessary because in suitable subjects the phenomenon was prominent, and the rhythms were 
regular for quite long periods. Comparison of the degree of synchronization was made in certain 
instances by means of histograms depicting the distribution of intervals between successive motor 


unit spikes. 


Fig. L. Apparatus used for cooling experiments. The electrodes were of 36 s.w.G. enamelled copper 
wire introduced through hypodermic needles which were subsequently withdrawn as shown. 
Two alternative positions of the R.C.A. 5734 transducer were employed in the measurement 
of twitch times: (a) shows it attached to a bending bar connected to the hinged foot platform, 
(6) shows it strapped to the calf and connected to a needle inserted through the skin with its 
tip in the gastrocnemius muscle. Water at the desired temperature flowed through the bin, 
while the subject stood upright in as normal a posture as possible. Reflexes were elicited by 
sudden mechanically delivered blows on the steel strip which raised the foot platform abruptly. 
The tension in the steel strip was recorded during the manoeuvre. 
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RESULTS 
The nature and distribution of action potential ‘bursts’ 
Investigations were carried out upon 37 subjects (in 57 experiments) using 
surface or needle electrodes, and with one exception all showed some degree 
of synchronization (grouping of spikes), in some cases very marked and in 
others more difficult to distinguish but still present. Fig. 2 shows a record 
from the gastrocnemius muscle of a standing subject exhibiting the rhythm 
prominently compared with Fig. 3, that of a subject showing the phenomenon 
poorly. As far as the gastrocnemius muscle is concerned most of our results 
would show a degree of synchronization falling between those in Fig. 2 and those 
in Fig. 3. In some subjects standing-at-ease for 10-20 min would enhance the 


— 


Fig. 2. Record from the gastrocnemius muscle showing bursts of action potentials. Surface 
suction electrodes placed as shown. Balanced input with phase discriminator circuit. This 
record shows the most marked synchronous rhythm obtained (out of 52expts.) The subject was 
standing normally, feet slightly apart, both shoes on, not unduly apprehensive and unaware 
of the recording or the purpose of the experiment. Note periods of activity and quiescence 
alternating at about 10 c/s. Neurological examination showed his reflexes and muscle tone 
to be clinically normal and no perceptible movement of the leg or foot accompanied the bursts. 
Time trace = 50 c/s. 


Fig. 3. Record of motor unit activity from gastrocnemius muscle of a subject showing the rhythm 
poorly, It can be seen, however, that a grouping tends to occur at about 10 c/s. Conditions 
as in Fig. 2; arrows indicate bursts. Time trace = 50 c/s. 
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effect; in others a few seconds standing on the toes would produce a measure- 
able degree of synchronization, if this was not already present. It will be noted 
that the frequency is 8-10 c/s, which was the most usual frequency encountered, 
although there were numerous variations. Other investigators (Travis & 
Hunter, 1927; Hoffman & Strughold, 1927; Jung, 1941) have also noticed that 
the electromyogram of normal voluntary contraction tends to be modulated 
by alternating periods of greater and less activity occurring at a frequency of 
around 9-10/sec. This frequency corresponds with the peak frequency of 
physiological tremor in human finger muscles (Halliday & Redfearn, 1956; 
Redfearn, 1956; Sutton, 1956). In some individuals the tendency is very 


Position of the 


Fig. 4 Fig. 5 


Fig. 4. Record of rhythmical activity in a group of motor units in the gastrocnemius musvle of an 
individual standing normally. Upper trace, electrical record ; lower trace, mechanical record. 
The muscle is at its longest when the mechanical record is at the top of its excursion. Note 
that the electrical activity reaches its maximum at about the time of maximum lengthening 
in the muscle. The mechanical record is interrupted at 50 c/s intervals and the four strips 
continue from above downwards. 

Fig. 5. Records from concentric needle electrodes, 1 cm apart in biceps brachii, inserted across 
the fibres as shown in the diagram. Note that separate rhythms of similar frequency are 
present simultaneously. Activity in one needle is not picked up by the other. The two 
amplifiers have different time constants. Time bar = 100 msec. 


striking, so that for periods of several seconds the electromyogram sounds on 
the loudspeaker almost as regular as a steam locomotive, with sharp puffs 
alternating with periods of silence. This is especially true if small needle 
electrodes are used, to confine the record to a few units. In most subjects the 
rhythm is not entirely regular, and there are no periods of complete silence, 
but a rhythmical tendency is nearly always discernible. 

The mechanical record of normal voluntary tremor is usually fairly irregular, 
so that frequency analysis may be necessary to demonstrate the predominance 


of th 
in fre 
chro 
elect 
(Fig. 
TI 
can ¢ 
mad 
; bicey 
T 
it ap 
amo 
7 the 
fro 
mus 
mor 
T 
incr 
the 
the 
con 
acti 
Afte 
effec 
no 1 
F 
pres 
sub 
E sho 


RHYTHMICAL ACTIVITY OF MUSCLE 477 


of the 9/sec wave band. This irregularity must in part be due to (a) variability 
in frequency of the motor units firing in groups, and (b) some degree of asyn- 
chrony between the groups. However, muscles showing clear and widespread 
electrical rhythm may show the same rhythm in their mechanical records 
(Fig. 4). 

The fact that groups of units firing relatively synchronously nevertheless 
can often be strictly localized within a muscle is illustrated by Fig. 5, a recording 
made simultaneously from two concentric needle electrodes 1 cm apart in the 
biceps brachii and showing different rhythms of similar frequency. 

The rhythm was present at times in all muscles examined (see Fig. 6), and 
it appeared to be slightly more pronounced in all the leg muscles, the quad- 
riceps, the muscles of the posterior part of the trunk and the triceps. 


Factors affecting the action potential bursts 

In most subjects, during a steady contraction, there were spontaneous 
fluctuations in the frequency of the groups of action potentials and in the 
amount of synchronization present. The frequency spontaneously varied 
between the extremes of about 6 and 15 c/s. It is between these approximate 
frequency limits that the finger tremor spectrum shows activity in excess of 
the general level of random activity (Halliday & Redfearn, 1956). At times 
the rhythm might be broken up, or interspersed with activity from other parts 
of the muscle, or proceed with a faint background of bursts at other frequencies, 
from distant regions. The bursts were more prominent at low contraction 
strengths and were accentuated after strong voluntary contraction. When the 
muscle was lengthened during active contraction the rhythmicity became 
more prominent (Fig. 7). 

The effect of fatigue (4 min contraction at 75° maximal strength) was to 
increase the degree of grouping and the resulting tremor, both during and after 
the fatiguing contraction; even 30 min afterwards there was more tremor in 
the fatigued than in the normal muscle. Fig. 8 shows the grouping effect of a 
contraction of the triceps muscle at 75°, of its maximal tension lasting for 
5 min. The frequency-distribution diagram of the intervals between successive 
action potential spikes is plotted before and after the fatiguing contraction. 
After the contraction there were more long (15-30 msec) intervals and more 
short intervals, indicating that an increase in grouping was taking place. An 
effect could be still demonstrated after 30 min. The position of the limb had 
no noticeable effect. 

Frequency could be increased in the calf muscles from 10 to 15¢/s by 
pressure on the Achilles tendon (which stretched the muscle) or by asking the 
subject to lean forward (Fig. 9). It also increased during the voluntary 
shortening of muscles, and after fatigue. 
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Fig. 7. Record showing the of the muscle asa and 
the action potentials recorded from surface electrodes on the abductor digiti minimi brevis, 
while this muscle lifted and lowered a 200 g weight. The apparatus used is described by 
Bigland & Lippold (19546). Note the pronounced rhythmicity at about 10 c/s during muscle 
lengthening. Bar = 100 msec. 


Or (b) 
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Interval (msec) 

Fig. 8. The effect of fatigue on the grouping of action potentials. (a) Frequency distribution of 
intervals between successive action potentials before fatigue; (b) after 2 min of a fatiguing 
contraction in triceps muscle at 75% maximal strength; (c) after 5 min. In each case the 
intervals between 200 spikes were measured (in msec) from a recording on paper travelling at 
29-2 cm/sec. The column 0 represents intervals of 3 msec or less. Concentric needle electrode. 
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Fig. 9. The effect on frequency of action potential bursts of manually squeezing the tendo achillis 
to stretch the calf muscles. The duration of successive intervals is plotted against time. The 
time of squeezing is indicated by the black strip and it can be seen that during this the 
intervals become shorter. 


d 
44 
| 
a 
Me 
at 


480 0. C. J. LIPPOLD, J. W. T. REDFEARN AND J. VUCO 


The effect of cooling on the rhythm 

The effect of moderate cooling was to cause a reduction in frequency and a 
reduction in the amplitude of the oscillations; the rhythmical bursts became 
progressively less sharply defined and less frequent (Fig. 10). Thus 15 or 
20 min immersion of the leg in water at 9° C usually caused a reduction in 
frequency from about 9 to about 6 c/s. The one exception who did not show 
any marked slowing was a young female with a good deal of subcutaneous fat. 
She did not feel the cold, and her limb movements after immersion were 
practically normal, showing that no appreciable cooling had occurred (Table 1). 


~~ 


Fig. 10. Five records from the same experiment: (a) ‘bursts’ at room temperature (18° C); 
(5) ‘ bursts’ after 5 min at 9-5° C; (c) after 10 min; (d) after 15 min; (e) after 20 min. Gastro- 
cenemius, needle electrodes, transducer recording movement of ankle joint as in Fig. 1 at (a). 


Continuous recording indicated that this effect on frequency was pro- 
gressive during the cold immersion and did not occur in steps. Fig. 11 shows 
the frequency of bursts plotted each minute after cooling commenced. Through- 
out the process of slowing, the rhythm remained regular, showing that the 
same group of motor units was involved throughout and that the slowing was 
not due simply to the omission of bursts. 

Twitch duration was recorded (Fig. 12), before and after cooling; as can be 
seen from Table 1, this was prolonged by a factor of 2-3. The reflex delay was 
measured by recording the time interval between the first deflexion of the 


mechanical record and the first action potential spike. The mechanical stimulus 
lasted for less than 1 msec. 
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TaBLeE 1. (a) The effect of cooling (15 min at 7-5—10° C) on the mean interval (msec) 
between action potential bursts 
Interval after 
Subject Normal interval 
12 105 lll 
23 107 140 
3d 103 145 
43 115 142 
59 107 124 
63 125 150 2 
13 110 131 
(6) The effect of cooling on reflex time and twitch time (msec) a 
Interval Reflex time Twitch time 3 
Subject Normal Cooled Normal Cooled Normal = Cooled 
31g 99 135 33 38 115 14] a 
329 96 104 39 42 149 150 q 
333 116 143 36 40 
343 121 144 36 42 200 405 a 
353 97 135 43 — 200 350 q 
363 104 133 36 25 190 440 
373 104 110 39 mae 120 _ d 
q 
q 
Subject 
fainted 
q 
q 
5 10 15 20 25 30 q 
Time after start (min) a 
Fig. 11. The interval between action potential ‘bursts’ plotted during the course of cooling for q 
16 min (10th to 26th min) in water at 7-5° C. The needle electrodes used for recording were . | 
approximately 0-5 cm beneath the surface of the skin and in the superficial region of the q 


gastrocnemius muscle. With the subject standing at ease before the experiment commenced, 
the mean interval was 104 msec. 


™ 
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Fig. 12. Comparison of the twitch time in normal and cooled muscle. The R.C.A. 5734 transducer 
was coupled to a needle inserted into the fasciculus of muscle stimulated by the two implanted 
wire electrodes. The alternative method (as in Fig. 1b) was also used and gave similar results. 
Time to peak =90 msec before cooling and 180 msec after cooling at 9-5° C for 20 min; total 
duration = 235 msec before cooling, =510 msec after cooling. Stimulus supramaximal 
(further increase in voltage or pulse width produced no increase in tension) in both records. 
Time trace = 50 c/s; tension calibration = 100 g (on transducer). 


DISCUSSION 


It is clear that the rhythmical tendency in electrical activity at a frequency of 
about 10 c/s occurs in most and probably all muscles in normal individuals. 
It is prominent in certain circumstances, often during postural activity, when 
the presence can be demonstrated of small mechanical oscillations at identical 
frequency and bearing a constant phase relation to the bursts of action potentials. 
There can be little doubt on these and other grounds that this electrical 
rhythmicity is the basis of physiological tremor and that the experiments 
described illustrating the effect of peripheral factors upon its frequency also 
influence tremor similarly (see Redfearn, 1956). 

Recent work (Marshall & Walsh, 1956) purports to show that no electrical 
synchronization accompanies tremor. It is difficult to account for this on 
theoretical grounds, but it is possible from the practical aspect that the re- 
cording technique used by Marshall & Walsh would not in any case reveal it. 
It is easy to produce lengths of electrical recording that do not show any 
detectable rhythmic activity or any very obvious relation with the mechanical 
tremor record, but this by no means proves that a relation does not exist. 
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Under favourable conditions, when the electrical synchronization in the 
muscle is widespread, the resulting mechanical rhythm is pure enough to show 
a clear relationship (Fig. 4). There is not always such a good correspondence for 
reasons already pointed out. It should be remembered that the ripple which 
constitutes tremor is only a small proportion of the total force exerted by the 
muscle, and the general electrical activity under conditions of strong inner- 
vation swamps any appearance of synchronization. 

The mechanism underlying this periodicity of electrical and mechanical 
activity is of considerable interest. It is possible that the rhythm of tremor can 
originate entirely in the central nervous system or it may be produced 
peripherally. 

Various attempts have been made in the past to correlate a-rhythm and 
_ tremor rate but without success, in spite of the usual frequency of both being 
about 10 ¢/s (Lindqvist, 1941). Even if a causal relationship does exist it 
would be difficult to show it satisfactorily because of uncertain phase shift in 
the various pathways. Horsley & Schafer (1886) claimed that the same 
thythm could be evoked in experimental animals by stimulation of the cut 
peripheral end of the spinal cord or at various higher levels in the central 
nervous system. Since the 10 c/s movements were obtained at any stimulation 

rate, it could be argued that the frequency in the muscle was determined 
_ peripherally, although it must be stated that the interpretation of these results 
is difficult because their recording device may well have resonated at about 
10 c/s. Marshall & Walsh (1956) do not support this view, but locate the site 
of origin of tremor at the spinal level. 

It can be argued that motoneurone pools would have a tendency to fire 
synchronously, particularly if some spreading excitatory system existed within 
them, or conversely that inhibition might spread rhythmically among the 
anterior horn cells, possibly as a function of the Renshaw system (Renshaw, 
1941). Our finding, that under certain conditions a small part of a muscle was 
taking part in the rhythm while another part was synchronized at a slightly 
different frequency, could be explained in these terms. Necessarily this would 
imply that a close correspondence existed between the anatomical arrangement 
of the motoneurones and the arrangement of their respective muscle fibres. 

These considerations leave the alternative hypothesis of a mechanism which 
operates in the muscle peripherally. Cooling, in slowing the rhythm, shows 
that the frequency can largely be determined peripherally. Local change in 
excitability of the fibres in the muscle is a remote theoretical possibility, in 
view of the known increase in extracellular K* concentration during and after 
activity, and of the fact that fatigue enhances the tremor. Consideration of 
the rapid and large fluctuation in K* ion concentration which would be 
required to explain it is sufficient to dismiss this hypothesis. Purely mechanical 
factors can have little influence on the frequency of these bursts because 


‘ 
“4 
if 
a 


484 O. C. J. LIPPOLD, J. W. T. REDFEARN AND J. VUCO 


(a) it does not differ significantly from one muscle to another in spite of 
differences in inertia, and (b) because weights added to trembling parts do not 
alter the peak tremor frequency. 

The fact that the 9 c/s finger tremor peak does not occur in tabetic patients 
without tendon jerks in the forearm (Halliday & Redfearn, unpublished) 
constitutes strong evidence that the stretch reflex is in fact the main deter- 
minant of this frequency. The tremor of the tabetic is of a completely random 
character 


The experimental evidence given in this paper supports the contention that _ 


the stretch reflex is responsible for the tremor and its underlying synchroniza- 
tion of motor unit activity. 

Oscillation in a simple servo-loop incorporating a delay tends to occur with 
a period equal to twice the delay, because negative feedback becomes positive 
after half a cycle (or possibly 14, 24 cycles, etc.). The delay in the reflex servo- 
loop to produce a frequency of oscillation which would agree with that found 
experimentally can be calculated on the basis of a reflex time of 30 msec and a 
latency in the mechanical twitch of 15 msec. It is not necessary to postulate 
that any specific delay is introduced by the developing twitch; indeed, in the 
calf muscles the normal twitch time, measured in the muscle directly or at the 
tendon, is of the order of 130-150 msec, while the period of oscillation in the 
calf may be as short as 60 msec. Fig. 13 is an enlarged reconstruction from 
actual records of the time relations between action potentials, mechanical 
record and hypothetical spindle discharge whose time relations are deduced 
from measurements of reflex time. Superimposed upon the general level of 
excitation of the muscle are ‘partial twitches’ resulting from action potential 
bursts about 180° out of phase with them. After each ‘partial twitch’ the 
series elastic component stretches the muscle passively, resulting in stimulation 
of the muscle spindles, which at the resonant frequency produce their reflex 
effect to give rise to the next ‘partial twitch’. The passive stretching is brought 
about by a steady external force, in this case due to the act of standing, and is 
not equivalent to the relaxation following an isometric twitch during which 
the spindles are silent. 

Tendon organ inhibition would be at its maximum when the muscle is at its 
shortest because tension is then at its greatest; it might therefore be thought 
that the silence between the bursts is due partly to this inhibition, as in 
clonus. However, animal experiments (to be published) do not demonstrate 
any activity in afferent nerves from muscle in similar conditions at this phase 
of the cycle. 

These ‘partial twitches’ form the mechanical record of tremor and it is 
obvious that they are of much shorter duration than a full twitch, It appears 
from this record that it is likely that the muscle spindles are sensitive to 
velocity changes (in these circumstances) rather than to displacement. The 


] 
( 
t 
] 
i 
f 
t 


mam 
displ 
‘spo 
cont 
the 
com 
§ 
= 
2 


RHYTHMICAL ACTIVITY OF MUSCLE 


mammalian spindles in Matthews’s experiments (1933) also respond to sudden 
displacement. Changes in the level of gamma activity may account for the 
‘spontaneous’ fluctuations in frequency and those observed during voluntary 
contraction. 

On this basis the effect of cooling would be to increase the interval between 
the action potentials and the cessation of spindle discharge. This -interval 
comprises the time taken for the muscle fibre to contract and the time for the 


Fig. 13. The relation, in human calf muscle, between electrical activity (top), mechanical record 
(middle), and spindle activity (whose time relations are calculated from a reflex time of 
35 msec, which was the mean value of 10 determinations made during the same experiment). 
The action potential bursts are spaced at 110 msec intervals. The muscle is fully shortened 
at 50 msec later, which equals a phase lag of 170°. At the calculated time of greatest spindle 
discharge it is seen that the velocity of lengthening of the muscle is at a maximum. Under 
these conditions spindles therefore are sensitive to velocity (not tension or displacement). 
Displacement record shows an increase in muscle length as a downward deflexion. The two 
upper tracings are enlargements from Subject No. 7 in Table 1 ; the tracing of spindle discharge 
is a reconstruction from other animal experiments (to be published) to show the gradation of 
firing and its time relations. A similar diagram during cooling leads to the same conclusions, 
the interval between bursts being 140 msec. 
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spindle to respond, both faetors which are subject to increased delay arising 
from increased viscosity on cooling. 

In view of the time lag in the reflex it is at first sight surprising that oscilla- 
tion is not more violent than it is (see Merton, 1951). If the loop gain (ratio 
of response to stimulus) were in fact greater than unity, oscillation might be 
expected to build up progressively. The fact that this does not seem to occur 
under normal circumstances may be due to two factors. First, the loop gain 
may be substantially less than one, and secondly the bursts, as we have 
shown, occur in localized regions of muscle asynchronously and tend to cancel 
each other out. This is presumably because the stretch reflex is organized in a 
highly localized manner. It is worth noting that the 9 c/s activity described is 
only a part of physiological tremor. Factors other than the stretch reflex may 
well be responsible for the remaining irregular part. 


SUMMARY 


1. Muscle action potential records from normal human subjects during 
voluntary activity often show a tendency towards grouping of action potentials. 
The frequency of such groups is usually about 9 per sec. 

2. These groups of action potentials are present in all muscles, being more 
prominent when the contraction strength is low, and varying in different 
subjects. 

3. Simultaneous mechanical and electrical records from muscles show that 
the phenomenon underlies physiological tremor. 

4. The tendency towards grouping is increased by local fatigue, by extension 
of the muscle either passively or during its active contraction, and by previous 
voluntary contraction. It is reduced by cooling the muscle. All these factors 
are known to influence physiological tremor in the same way. 

5. The frequency of the groups is subject to spontaneous variations about 
its average level. It is increased by voluntary contraction, by stretching the 
_ muscle, and by fatigue, while it is decreased by cooling the muscle. 

6. Itis considered that this grouping of action potentials is due to oscillation 
in the stretch reflex servo loop. saci 
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AND CONVERGENCE 
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In normal binocular vision the faculties of accommodation and convergence 
operate in unison. When attention is directed from a relatively distant object 
to a nearer point, convergence of the eyes is stimulated so that correspondence 
of the retinal images is maintained. At the same time the need to refocus the 
retinal images provides a stimulus to accommodation. Thus the basic stimuli 
to the binocular adjustment for near vision are (a) the temporal displacement 
of the retinal images relative to one another, (6) the change in the vergence 

_ of the light reaching the retina. (The term ‘vergence’ is used throughout to refer 
to the degree of divergence or convergence of the light: it is measured in 
dioptres. ) 7 

Donders (1864) showed that some latitude of action is possible between 
accommodation and convergence; there is an amplitude of accommodation 
corresponding to each convergence value, while on the other hand convergence 
can vary relative to a fixed condition of accommodation. In determining such 
amplitudes each function in turn requires to be held in a fixed state of action, 
while the other is varied. The need to provide a stimulus, in order to fix either 
one of the two mechanisms while the other is changed, leads to the question 
how far either function, being unstimulated, responds in sympathy to stimu- 
lated changes in the other. 

As it 1s necessary to avoid the direct stimulation of the mechanism when its 
induced reaction is being studied, the response of convergence to accommoda- 
tion can be detected only during monocular fixation, since the need for 
binocular fusion is the stimulus to convergence. This relationship, accommoda- 
tive convergence, is well known, and is commonly measured in clinical practice, 
but there has always been a question whether a similar relation holds in the 
opposite direction, i.e. the reaction of accommodation to convergence. Thus 
Christoferson & Ogle (1956) wrote: ‘To what extent convergence-accommoda- 

tion exists is uncertain because the difficulties of measurement have prevented 
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definitive results’. These difficulties arise from the need to eliminate the direct 
stimulation of accommodation by light vergence, while at the same time pre- 
senting to each eye sufficiently well-defined images to stimulate binocular 
fusion and to control convergence. 

We should expect these relationships to be interlinked. The response of each 
mechanism to its appropriate stimulus will be influenced by the reflex inner- 
vation it is receiving from the other mechanism, an effect which in turn will 
influence the freedom of action of accommodation and convergence relative to 
one another. The age of the subject might also be expected to influence the 
relation between the two functions. Since the accommodative mechanism 
becomes less efficient as age increases without a concomitant decline in con- 
vergence, some compensatory adjustment in the related innervations will be 
necessary to keep the relation between the two functions the same. 

Although most of these problems have been studied by many workers in the 
past, the diversity of the opinions which have been expressed has led us to 
attempt a new experimental approach to the whole subject. The results of 
these experiments have provided further evidence of the manner in which 
accommodation is controlled, and lead to some new conclusions regarding the 
reciprocal actions of accommodation and convergence. 


METHODS 


Apparatus 
Before describing the technique of the experiments it may be helpful to outline the general con- 
ditions that were required as regards both the control of the stimuli to accommodation and con- 
vergence, and the measurement of the responses. The Coincidence optometer was used in the 
objective measurement of ocular refraction. The various devices required to control fixation and 
to stimulate accommodation and convergence were incorporated in this instrument. 

A fixation object with fine detail to stimulate accommodation was required for each eye. The light 
from these objects had to enter the eyes with variable and known amounts of divergence. In 
order to stimulate convergence it was necessary for the fixation device before one eye to be capable 
of rotation about the centre of rotation of the eye, which necessitated also an adjustment for 
interpupillary distance. As the optometer allows the measurement of the refraction of a pre- 
determined diameter of pupil this was fixed at 3 mm in all the experiments. To ensure that the 
subject was using the same part of the eye’s optical system, provision was made that the pencils 
of light from the fixation objects had a diameter of 3 mm at the pupil whenever it was required 
to give a direct stimulus to accommodation. For experiments on the induction of accommodation 
by convergence it was necessary to reduce the aperture of the light from the fixation objects to 
0-5 mm without appreciably changing the luminance of the image. For the measurement of 
convergence during monocular fixation, a vertical line of light (Maddox streak) had to be pre- 
sented to the non-fixing eye. 

The general scheme of the fixation apparatus was a haploscope shown in Fig. 1. The fixation 
system of the right eye consisted mainly of the device which is incorporated in the standard model 
of this optometer. A special object was substituted and the illuminating system modified to give 
control of the diameter of the light pencils by the addition of apertures at A, and the lens B. 
This optical system produced an image of the apertures at A at the subject's pupil. The divergence 
of the light from the object was changed by moving the object along the axis relative to the lens L. 
Scales were provided on each system to show the dioptric value of the vergence at the eye. 
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The design of the fixation object is shown in Fig. 2. To the subject it subtended an angle of 1° 
when placed at the position of zero light vergence. Within the circle were two rings of pairs of 
white marks: in the outer ring the marks had an angular separation of 2’ at the eye, and in the 
inner ring the gaps subtended an angle of 1’. These stimulated accommodation and checked visua! 
acuity. The white dot outside the ring was above in the object for the right eye and below for the 
left and so provided evidence of binocular fusion. 


Fig. 1. General scheme of binocular fixation apparatus. AA, apertures limiting effective pupils; 
BB, lenses which with LL image AA in pupils; O, and O,, fixation objects; M,M and M.7. 
surface-silvered mirrors; LL, lenses imaging O, and O,; T.M., transparent pellicle mirror; 
OPT., axis of optometer; C, centre of rotation of fixation system for left eye. 


Fig. 2. Fixation object. 


The subject’s aspect of this modified form of the optometer is shown in the photograph (Fig. 3)- 
For the sake of clarity the head-rest has been removed. The tube 7' contains the fixation system 
for the left eye. It can be rotated about the axis CC which passes through the centre of rotation 
of the eye when the instrument is correctly positioned. Adjustment for interpupillary distance can 
be made when the screw clamp S is released. The light vergence from the object for the right eye 
is altered by ‘neans of the knurled head H, which is part of the standard instrument. The vergence 
from the lef. object is adjusted by moving it along its tube with the rod R. The light from each 
object is reflected into the eye by a mirror at 45°, through the lenses L, L which are alike. The 
mirror for the left eye can be tilted on a horizontal axis by the screw V, altering the height of the 
image and thus compensating for small vertical errors of muscle balance. The apertures which 
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control the diameters of the pencils of light at the pupils are contained in the plates P,, P,. By 
sliding these plates the pencil widths can be changed from 3 to 0-5 mm. A neutral filter fixed over 
the larger aperture equalizes luminance of the object in the two cases. 

The rotating limb also carries the means of measuring convergence during monocular fixation. 
A small optical system for this purpose is strapped to the tube 7. It consists of a miniature 2 V 
lamp with a condensing lens illuminating a fine slit aperture, which is followed by a lens having 
the slit at its principal focus. Below the lens is fixed a small mirror at 45°, seen in Fig. 3 at NV. 
When this system was to be used for measuring convergence the whole limb was moved down by 
means of a rack and pinion, so that the small mirror came before the left eye. The subject then saw 
with this eye a fine vertical line of light instead of the fixation object. In the circuit to the 2 V 
lamp is placed a press button switch so that the streak of light appears only when the button is 
pressed. Presenting the streak as a flash eliminated the possibility of it being fused with the 


Fig. 3. Coincidence optometer (subject’s aspect). 7, tube contaming fixation system for left 
eye; LL (see Fig. 1). CC, axis of rotation of left fixation system; H, control of object distance 

for right eye; R, control of object distance for left eye; S, screw clamp fixing interpupillary 
distance; P, and P,,sliding plates with apertures A (Fig. 1); N, mirror of system for measuring 
accommodative convergence; V, screw for tilting mirror M.7. (Fig. 1). a 
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object seen by the right eye. The scales showing the convergence in degrees and also those giving 
the dioptric vergence of the light from the fixation objects were made to face the operator and so 
are not seen in this aspect of the apparatus. 


Calibration of apparatus 

The accuracy of the relevant scales was checked when the apparatus was set up. The zero 
position for the fixation objects was found by observation from the position of the subject with a 
telescope focused for parallel light. The divisions for each dioptre of divergence were found by 
placing the appropriate positive lens in the eye position before the apparatus and moving the 
object along its path until the image in the telescope again appeared sharp. The dioptric scale of 
the optometer measuring the refraction of the eye is calibrated in spectacle refraction, and the 
results given in the paper are also on this scale. The following method was used to check the 
instrument. A model eye was constructed consisting essentially of a high quality photographic 
lens and a ‘retina’ which could be moved toward or away from the lens by a micrometer screw. 
Across @ small hole in the opaque retina was placed a fine cross-line. This was illuminated from 
behind and the light emerging from the lens observed with a telescope. The emmetropic position 
for the retina allowed the cross-line to be seen sharply. The model eye was then calibrated for 
each dioptre of myopia or accommodation by placing the appropriate negative lens at the spectacle 
position and adjusting the length of the eye until a sharp image reappeared in the telescope. The 
model eye so calibrated was then used to check the scale of the optometer. The accuracy of the 
convergence measurement depended upon the parallelism of the two fixation systems in the zero 
position. A pentagonal prism was placed before the lens L of each system. The prisms were so 
arranged that one reflected the upper half of one image and the other the lower half of the other 
image. The light so reflected was again observed in a telescope. When the two systems were 
parallel the two half images fitted together to make a complete circle as in Fig. 2. 


Procedure 


About twenty-five subjects have been employed. Most of these have been used for the study of 
induced accommodation in which a wide age spread was required. In the other 
expertensiil chiefly young subjects were used because they have a large amplitude of accommoda- 
tion. These younger subjects were all nearly emmetropic and approximately orthophoric for 
distance, and had good binocular near vision. 

The following three measurements were made on most subjects, (1) accommodation under 
normal conditions of equality between light vergence from the objects and stimulus to con- 
vergence; (2) sapearageeareica and accommodative convergence with monocular fixation; and 
(3) conv duced accommodation. In addition, two other experiments were made on a 
number of & subjects, the changes in accommodation when convergence was changed but the light 
vergence of the objects remained constant, and finally the relative amplitude of accommodation. 
These five experiments are shown schematically in Fig. 4. 

The subjects were first shown an enlarged photograph of the fixation object and instructed how 
to recognize that fusion of the two images was being maintained. They were then shown the 
images in the optometer with the objects set to give zero light vergence for right and left eyes. 
The left limb of the instrument was then moved outward beyond the parallel position. The subject 
then saw two images and was told to bring them to the same height by means of the screw V 
(Fig. 3). The adjustable limb was then swung in to read 0°, i.e. the parallel position. In most 
cases the subjects fused the images, but sometimes it was necessary to swing the movable limb 
in a little further to obtain fusion and then to return it to the parallel position when comfortable 
fusion was maintained. 

Accommodation when light vergence (D) equals convergence (m.a.) (Fig. 4.4). The refraction of 
the right eye was measured while the subject in effect had binocular vision for a distant object. 
The two objects were then moved to give a light divergence of 1 dioptre and the convergence 
stimulated to 1 metre angle by adjustment of the movable limb of the apparatus. The refraction was 
again measured, and ® similar procedure followed for each dioptre up to 6 or 7 for young subjects 
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and to the near point for older ones. In each case the setting of the objects in dioptres was made 
to agree with convergence in metre angles. The subjects maintained binocular fusion throughout 
and were instructed to concentrate their attention on the finer detail of the fixation object. 
Accommodation and accommodative convergence with monocular fixation (Fig. 4B). The fixation 
object was presented to the right eye only. The adjustable limb of the apparatus was racked down 
so that the mirror NV (Fig. 3) came before the left eye and the subject saw a vertical line of light 
when the lamp was flashed on with the press button switch. The fixation object was adjusted to 
produce various degrees of light divergence from 0 up to 6 or 7D. The subject was instructed to 
concentrate attention on the fine detail of the object and at the same time to swing the adjust- 
able limb so that the line of light appeared to pass through the central dot of the object and to 
signal when the line was steady on the object. The line of light was shown to the subject in 
periodic flashes, to minimize any possibility of fusion with the fixation object. The observer who 
had been keeping the centring and refraction measuring systems of the optometer trained, made 
an immediate setting when the subject gave the signal. Convergence and accommodation were 
thus measured as nearly simultaneously as possible. 
Convergence induced accommodation (Fig. 4C). In this measurement it is necessary to eliminate 
the effect of light vergence which has a controlling influence on accommodation, and therefore 
the pencils of light from the fixation objects were limited to 0-5 mm diameter by means of the 
stops A, A (Fig. 1). The subjects were instructed to maintain fusion. The convergence was 
stimulated and the accommodation was read for each metre angle of convergence. The position 


D E 


Fig. 4. Scheme of experiments: the accommodation of the right eye was measured in each case. 
A, normal condition of vision of a near object; vergence of light in dioptres equals con- 
vergence in metre angles. B, measurements of accommodative convergence; fixation object 
is seen by the right eye only. Accommodation is stimulated by increasing the divergence of 
the light. Before the left eye is vertical streak of light which can be moved to measure the 
convergence which accompanies accommodation. C, measurement of conv 
accommodation; the vergence of the light from the fixation objects is rendered i ineffective by 
the use of very small entrance pupils; accommodatiou is measured as convergence is stimu- 
lated. D, the effect of changing convergence while the divergence of the light from the object 
remains constant. EZ, the amplitude of accommodation relative to fixed convergence; at 
various states of convergence the light vergence is changed and the amplitude of change of 
accommodation is measured. 
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of the fixation objects with regard to the lenses L, | appeared to have no influence on the results, 
but it was found expedient to move the objects towards the lenses occasionally to reduce diffrac- 
tion and thus give the subject more comfortable vision. 

Changes in accommodation with fixed light vergence and changing convergence (Fig. 4D). The larger 
apertures at 4A (Fig. 1) giving light pencil diameters of 3 mm at the pupil were used. The fixation 
objects were set to give a divergence of the light of 3D for right and left eye. The subjects were 
instructed to maintain fusion while the apparatus was set to stimulate various states of con- 
vergence from 0 to 8 m.a. The divergence of the light from the objects was not changed. The 
accommodation was measured for each state of convergence. The subjects experienced blurring 
of the image over a great part of the test but were able to maintain fusion. 

The relative amplitudes of accommodation (Fig. 4). Changes in accommodation were stimulated 
while the convergence was fixed at various states. At each metre angle of convergence the 
fixation objects were moved from their normal position where light vergence (D) was equal to 
convergence (M.A.), either toward or away from the lenses. The accommodation was measured for 
each dioptre change in the light vergence produced in this way. Again during part of the tests the 
subjects experienced blurred vision but readings on accommodation were taken so long as increases 
or decreases in the divergence of the light caused corresponding changes in accommodation. 


RESULTS 


For the values obtained in these experiments the reader is referred to the 
graphs, which show individual results which have been selected as charac- 
teristic of many. Although convergence had to be measured in degrees of 
angle it has been recorded in metre angles (M.A.), i.e. the reciprocal of the 
distance to which the eyes were converging. The geometrical value of this 
unit varies with the inter-pupillary distance, but it is used here in preference 
to the degree or the prism dioptre (A) used in clinical studies, because it bears 
a direct physiological relation to the dioptre, the unit of accommodation. 


Accommodation with equal convergence and light vergence 

The curves marked ‘Normal’ (Figs. 5, 8 and 9) record the accommodation 
in binocular vision when the convergence in metre angles is equal to the 
divergence of the light from the object in dioptres. Therefore differences between 
accommodation and convergence mean that accommodation was not equal to 
the light vergence. It will be seen that in some cases there was a distinct 
deficiency or lag of accommodation. These curves have been included in the 
records of certain other relationships for comparison. For instance, in the 
graph of relative amplitude of accommodation Fig. 9, the normal curve shows 
how accommodation can be changed in a positive and negative sense. Also by 
plotting the normal curve on the same graph as that showing convergence- 
induced accommodation (Figs. 5, 8), we see how much the normal binocular 
accommodation depends upon its other stimulus, light vergence. 


Accommodative convergence 
These values were obtained while the subject was viewing the fixation object 
at various near distances with one eye and resolving the fine detail. The 
position of convergence taken up by the other eye and the accommodation in 
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the fixing eye were measured at the same time. In the graphs, Figs. 5 and 10, 
the figures against the points on the curve give the divergence of the light from 
the fixation object in dioptres, i.e. the stimulus to accommodation. It will be 
seen that the actual accommodation is sometimes appreciably less than this. 
This discrepancy was found to be greater with monocular fixation than with 
binocular, in cases with low accommodative convergence. 


(dioptres) 


j | L 


1 2 3 4 5 6 7 8 


Convefgence (metre angles) 
Fig. 5. Comparison of response to. normal condition, of equality of light vergenes (1) and con- 
vergence (M.A.), and accommodative convergence, and conv duced accommodation. 


Subject aged 32. Figures against points on accommodative convergence line show the light 
vergence x, accommodative convergence; ©, normal binocular accommodation ; 
@, conv d accommodation. 


When the accommodative convergence is measured subjectively it is of 
course referred to the distance of the object and not to the actual accommoda- 
tion. This point is mentioned again here because it gives rise to considerable 
differences between objective measurements and those recorded by the sub- 
jective method. Two examples from our results will illustrate this. So that 
they can be compared with the usual clinical results the amount by which the 
convergence differs from the accommodation which induces it, ‘heterophoria 
at near’ is given in prism dioptres (A). In the case of J. W., when the fixation 
object was at 4 m the convergence was less than 3m.a. by 8-7A, so that by the 
subjective method he would be considered 8-7A, exophoric. But he was not 
accommodating 3D but only 1-6D, and as his convergence was 1-6M.a. he 
should be described as orthophoric. The subject D. E., when viewing an object 
at 25 cm with one eye was found to converge the other eye to the same distance 
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and therefore by the subjective method would be recorded as orthophoric: 
but the accommodation was found to be only 3D instead of 4D which meant 
that she was esophoric 5-9A. 

It is often stated that accommodative convergence shows great variations 
from time to time. While we would not claim that its relation to accommoda- 
tion is fixed, it appears that the variations are mainly relative to the vergence 
of the light from the object and not the actual accommodation. We found that 
when a subject was viewing a near object slight relaxation of mental attention 
caused both accommodation and convergence to be reduced. When the 
attention was concentrated on the finest detail of the object both accommoda- 
tion and accommodative convergence were increased. However, the relation- 
ship was the same in both cases, the points merely fell on different parts of the 
curve. 

Convergence-induced accommodation 

This experiment showed that when the light vergence effect was eliminated 
the accommodation varied in direct proportion to the convergence. Previous 
tests had shown that by making the eyes converge, accommodation could be 
induced up to its full amplitude. Some results obtained in the present in- 
vestigation are given in Figs. 5, 7 and 8. They are included in these graphs for 
comparison with other results. The age of the subject is given in each case and 
it will be noticed that the slope of the line relating accommodation to the 
convergence by which it is induced is less in the older subject. This relation 
between age and convergence-induced accommodation has previously been 
shown (Fincham, 1955), but since then more evidence has been obtained. The 
reaction has now been tested in twenty-two subjects, and repeat tests have 
been made on seven subjects after a lapse of 2 years. The effect of age on this 
reflex is shown (Fig. 6) by plotting the tangent of the slope of the line against 
age. The results of repeated tests are shown by the subject’s initials. This 
record shows that up to the age of about 24 years the induced accommodation 


is equal to the convergence, and that above that age there is a steady decrease 
in the response as age increases. 


The effect of changing convergence with fixed light vergence 

The results of this experiment are given in Figs. 7 and 8. Whereas in the 
previous experiment the use of very narrow pencils of light from the fixation 
objects rendered light vergence ineffective, in this experiment the light pencils 
had a diameter of 3 mm at the pupil, so that light vergence could act as a 
control of accommodation. The vergence was kept fixed at 3D but the con- 
vergence which also controls accommodation was changed from zero to 6 or 
7Mm.A. The general result of the operation of these two controls was that 
accommodation increased with convergence but not at a uniform rate. As 
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the value of the accommodation approached that of the light vergence, its 
increase relative to convergence was reduced. The curve is seen to be more 
horizontal but still tends to be upwards. At this period of the test the accom- 
modation was not very different from the light vergence and the subject 
had clear vision of the fixation object. But with continued increase in 
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Fig. 7 
Fig. 7. Effect of changing convergence while divergence of light from object remains at 3D; 
@, conv duced accommodation; x, constant light vergence of 3D. 


Fig. 8. As Fig. 7: @, conv induced accommodation; x, constant light vergence of 3D; 


O, normal binocular accommodation. 
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convergence the accommodation increased, although slowly at first, until it was 
above the light vergence of 3D, and then the light vergence control appeared 
to become less effective and accommodation followed convergence. The effect 
of the fixed light vergence can be estimated by comparing the graph of these 
results with the curve showing convergence-induced accommodation given in 
the same figure. 

The results in the relatively horizontal part of the curves are the same as 
would be obtained in attempting to measure the relative amplitude of con- 
vergence to accommodation. If this measurement had been made by the 
subjective method, as in the past, it would be assumed that while the subject 
had clear vision the accommodation was 3D. This would mean that over the 
amplitude of convergence covered by the relatively horizontal part of the 
curves in our results, the accommodation remained unchanged. We see from 
the results given here that this is not true. The significance of this point is 
considered in the discussion. 

The relative amplitude of accommodation 

Fig. 9 shows the range within which accommodation can be changed from 
the amount which is the normal accompaniment of various states of con- 
vergence. The upper and lower curves show the positive and negative limits of 
accommodation for each metre angle of convergence. In the experiment not 
only were these limits recorded but also the response for each dioptre change in 
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Fig. 9. Positive and negative amplitudes of accommodation relative to fixed convergence ; 
broken lines join points obtained with equal light vergence. 
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the light vergence, and the broken lines in the graphs join the values which 
resulted from the same light vergence. The dioptric value of this vergence is 
given by the points on the normal line through which the broken lines pass, 
read against the convergence scale. 

The change in accommodation was less than the change in light vergence: 
nevertheless, over a considerable range, the subject experienced clear vision, 
even to resolving gaps in the fixation object subtending an angle of 1 minute. 
When the difference between light vergence and accommodation got beyond 
the range of tolerance the subject reported that the object appeared blurred, 
but in spite of this further changes in vergence still caused changes in accom- 
modation. The limits were recorded when no further change in the same 
direction as the vergence could be produced. 


Discussion 
Convergence-induced accommodation 

The importance of these results lies in their relation to the age of the subject 
(Fig. 6). Up to the age of about 24 years the exercise of convergence gives rise 
to an equal amount of accommodation, so that a graph relating induced 
accommodation in dioptres to convergence in metre angles on equal scales 
gives a line of approximately 45° slope. In most cases this line is almost 
stra ht, but in some the accommodative response per metre angle of con- 
vergence is less at the lower levels. Above the age of 24 there is a gradual 
reduction in the reaction, so that each metre angle gives rise to less than one 
dioptre of accommodation. 

The consistent agreement of this induced accommodation with convergence 
in young subjects leads to the conclusion that in all cases when the eyes con- 
verge an innervation to accommodation is produced sufficient to cause the 
young lens to focus to the distance for which the eyes are converging. It 
seems unlikely that the reduction with age in the ratio of convergence-induced 
accommodation to convergence is caused by a change in the relative inner- 
vations to the two functions. A more probable cause is the progressive 
sclerosis of the crystalline lens causing a reduced response to a given innervation 
and contraction of the ciliary muscle, the ratio of the two innervations re- 
maining approximately the same. 

Although the convergence-induced accommodation becomes less with age 
the normal binocular accommodation for any distance beyond the near point 
is not reduced. The graph (Fig. 5), comparing the induced accommodation 
with normal binocular accommodation, shows that in middle age amounts of 
between 1-5 and 2-0D more accommodation may be used than that induced 
by convergence. This reduction in the contribution which convergence-induced 
accommodation makes to the total accommodation employed in near vision 
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is inconsistent with it being a conditioned reflex. The requirement of normal 
binocular vision which could condition a reflex is equality of accommodation 
and convergence, but this would require a steady increase in the reflex inner- 
vation to the ciliary muscle as age increases. As the response of accommodation 
to convergence becomes less with age we conclude that convergence-induced 
accommodation is an unconditioned reflex, with approximately constant 
relation between the innervations of the two mechanisms. 


The control of accommodation by light vergence and convergence 
of the visual axes 

In binocular vision of near objects accommodation is governed by the 
result of the integration of two distinct reflexes. We have seen that when the 
eyes converge to produce fusion of the retinal images of a near object, reflex 
innervations are sent to the accommodation ‘centre’. Whether this accommo- 
dation so evoked is sufficient to give clear vision depends upon the age of the 
subject. The brain also receives information from the retina regarding the focus 
of the images. It has been shown (Fincham, 1951) that up to amounts of 
1-5-2-0D in error of focus the retinal signals inform the brain whether the light 
is convergent or divergent at the retina. This gives rise to the differential 
accommodation reflex which will correct inadequacies in the accommodation 
induced by convergence. 

In this case the two controls simply augment one another, but under certain 
experimental conditions they may act in opposition. Figs. 7 and 8 show the 
results of experiments in which the light vergence was kept constant, 3D, 
while the convergence was changed. Under these conditions the recorded 
accommodation was the result of the integration of the innervation caused by 
the constant light vergence stimulus, and that stimulated by varying states of 
convergence. When the visual axes were parallel there was no accommodation, 
the reflex control from the zero convergence appeared to be sufficiently strong 
to neutralize the effect of the light vergence. As the eyes were made to con- 
verge, accommodation came into play. At first the convergence, being less 
than 3M.a., had a restraining influence upon the effect of the light vergence 
stimulus of 3D. Then as convergence was increased the restraint became less 
until convergence and light vergence being equal, as in normal binocular vision, 
both ordered the same amount of accommodation. 

When convergence was made to exceed the light vergence the parts played 
by the two controls changed over. Now it was the light vergence stimulus 
which restrained the effect of convergence upon accommodation. But as the 
accommodation was made to increase by increasing convergence, the effect of 
the fixed light vergence stimulus became less until it had no influence on the 
accommodation, which then increased with the convergence. This is probably 
accounted for by the earlier finding that the accommodation reflex to light 
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vergence change depends upon the nature of the retinal image and is in- 
effective if the image is out of focus by more than about 2 dioptres. 


Relative amplitudes of accommodation to convergence 
and convergence to accommodation 

The opinion has been commonly held that just as accommodation could be 
increased or decreased within certain limits, while convergence remained fixed, 
as was shown by Donders (1864), so conversely convergence could be varied 
while accommodation remained unchanged. Landolt (1886) stated that the 
relative amplitude of convergence to fixed amounts of accommodation was 
implied by the existence of relative amplitudes of accommodation. He said 
it was unnecessary to measure amplitudes of convergence because the diagram 
showing how accommodation can be varied with different states of conver- 
gence must show at the same time the different amounts of convergence which 
can exist for each dioptre of accommodation. This appears to be a logical 
conclusion, but many investigators have claimed that it is not true in practice. 
Reference to Fig. 9 shows that various states of convergence can exist in the 
presence of certain fixed amounts of accommodation: however, some difficulty 
occurs in the experimental verification of the statemeut. 

In the earlier experiments, upon which Donders (1864), Landolt (1886) and 
Maddox (1898) based their conclusions, accommodation was measured sub- 
jectively. If a subject had clear vision for an object at a fixed distance while 
prisms of various power were placed before the eyes, and binocular fusion was 
maintained, it was concluded that accommodation had remained fixed while 
convergence had altered. The powers of the prisms used base out and base in, 
while fusion was still held, were said to give the relative positive and negative 
amplitudes of convergence. When the change in the refraction of the eye is 
determined by an objective method, it is found that, while the vergence of the 
light from the fixation object is kept constant, changes in convergence are 
accompanied by changes of accommodation in the same direction although the 
subject may still have clear vision. This was recorded by Adamson & Fincham 
(1939) and was thought to mean that relative amplitudes of convergence did 
not exist, The difference between the subjective and objective measurements 
of accommodation is unexplained except on the assumption that there is some 
visual tolerance to errors in the focus of the retinal image. This tolerance, 
which is most noticeable when the balance of stimulation of convergence and 
accommodation is upset, is important. It permits ametropic and presbyopic 
patients to have comfortable vision as soon as they start to wear correcting 
lenses, and also allows some latitude in the adjustment of binocular instruments, 
so that it is unnecessary to match exactly the angle between their visual axes 
with the vergence of the light from the eye-pieces. 

However, as the purpose of our experiments has been to study the inter- 
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action of accommodation and convergence upon one another from the physio- 
logical rather than the clinical aspect, we have been concerned with the visual 
tolerances only in respect of the bearing they have upon the actual latitude 
between the two functions. We have seen from the measurements of accommo- 
dative convergence and convergence-induced accommodation that when 
either mechanism receives no stimulus which would either cause it to change, 
or hold it in a fixed condition, it will react to alterations in the other mechanism. 
In the measurement of relative amplitudes each mechanism is subjected to two 
influences. In the case of the fixed mechanism it has its own stimulus tending 
to hold it in the fixed condition and the induced innervation from the other 
mechanism which is changing. In the case of the changing mechanism it 
receives its own changing stimulus and at the same time an induced inner- 


vation from the other mechanism which is receiving a fixed stimulus. Experi- 


mental results show that these forces are always in operation, but it will be 
seen that a ‘relative amplitude’ of one function can exist only if it is possible 
for the other mechanism to be held by its own stimulus in a fixed condition 
against the induced innervation it receives from the mechanism which is 
altering. Now the greater the visual tolerance the weaker will be this holding 
effect of the fixed stimulus, and if one mechanism has more tolerance than the 
other it will also have a higher relative amplitude. 

It is well known that there is little tolerance to errors in convergence. We 
are very sensitive to diplopia and once fusion has been obtained by suitable 
adjustment of convergence it is held on to firmly, as though the act of fusion 
locked the convergence mechanism with respect to the position of the retinal 
images. Accommodation behaves quite differently. Here there is great toler- 
ance to discrepancies between light vergence and definition of the retinal 
image, and even when vision is blurred because the accommodation is below 
the amount required for the light vergence, a further response in accommodation 
may result from a still further increase in divergence of the light. However, 
when this discrepancy between the light vergence and accommodation passes 
a certain limit the vergence ceases to stimulate accommodation. 

Although accommodation is tied to its stimulus, light vergence, the con- 
nexion is loose. In fact accommodation is under the control of two factors, 
light vergence and convergence of the visual axes. To each of these it is attached 
as by an elastic coupling. In normal binocular vision both these forces pull in 
the same direction and accommodation is readily changed. If, as in the 
measurement of relative amplitude of accommodation, light vergence is 
changed while convergence remains fixed, accommodation will change with 
the vergence but to a less degree. The two controls could be applied in opposite 
directions by such amounts that accommodation remains unchanged. Therefore, 
in order to measure the relative amplitude of convergence, i.e. the amount by 
which convergence can be changed while accommodation is fixed, the light 
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vergence must also be changed so that its stimulation acts in the opposite 
direction to the effect of the convergence. For positive relative convergence it 
will be necessary to reduce the light vergence from the fixation objects, and to 
increase it for negative amplitudes of convergence. This has not been done 
experimentally but the effect can be deduced from the curves of relative 
accommodation (Fig. 9). In these the points marked X show the accommoda- 
tive response to certain light vergences and convergence of the visual axes. 
The broken lines join the points obtained with the same light vergence. Hence 
we see that if the light vergence remains constant accommodation is changed in 
the same direction as convergence but to a less degree. These broken lines cor- 
respond to the more horizontal parts of the curves in Figs. 7 and 8 which were 
obtained by changing convergence while the light vergence was kept fixed. 
This is what is done in attempts to measure relative amplitudes of convergence. 
Similar results were obtained by Fry (1937) using a refined subjective method. 

The records of relative amplitude of accommodation obtained in these 
experiments have a quite different meaning from those resulting from the 
subjective methods of measurement. In the earlier work the end-points were 
determined by the subject’s detection of the commencement of blurring. The 
light vergence was then recorded as the amount of accommodation in play. 
In the objective method described here, positive and negative changes in 
accommodation were stimulated by changing the light vergence from the 
_ object, and actual changes in accommodation were recorded without respect 
to subjective sharpness of the image. The end-point was found when no further 
change in the refraction of the eye could be produced by changing light 
vergence. The subject experienced blurred vision some time before this point 
was reached. If the change in light vergence was carried 0-5 or 1-0D beyond 
the end-point the accommodation was seen in some cases to suffer a change of 
about 0-5D in the reverse direction, i.e. when the vergence was increased 
beyond the positive relative amplitude the accommodation was reduced, and 
when at the limit of negative relative accommodation the vergence was still 
further reduced, the accommodation was seen to increase slightly. It appears 
that owing to the holding effect of convergence the accommodation changes 
more slowly than the light vergence which stimulates it, and hence the images 
get more and more out of focus. When the degree of error in focus reaches a 
certain amount, the light vergence loses its effect as a stimulus and accommoda- 
tion begins to return to the amount dictated by convergence. 


Accommodative convergence 
During monocular fixation, ¢.g. when one eye is occluded, accommodation is 
found to be accompanied by varying amounts of convergence of the non- 
fixating eye. This is known as accommodative convergence (Maddox, 1889). 
Some workers concerned with the clinical aspect of the subject have thought 
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that differences between the accommodation and the convergence which it 
evokes are evidence of the maladjustment of the two functions and have called 
the condition ‘heterophoria for near’. When the non-fixating eye is found to be 
directed to the point for which the eyes are accommodated the subject is said 
to be ‘orthophoric for near’. This condition is not the average of the large 
variation which is found, and so cannot be considered as normal. It is usual 
to find that the accommodative convergence is lower than the accommodation 
(Maddox, 1889), a condition which has been called physiological exophoria for 
near; on the other hand, some of our subjects showed convergence slightly in 
excess of the accommodation in use. Except in respect of the lag of accom- 
modation, therelation of accommodative convergence to accommodation shows 
no correlation with other data. It is said to be unaffected by age, and low 
accommodative convergence is not necessarily evidence of weakness of the 
convergence function; it was found in some subjects with amplitudes of con- 
vergence above the average. The wide variations in these relations which occur 
in subjects with the same refractive conditions and normal comfortable near 
vision have not so far been accounted for. 
The stimulation of accommodation in monocular vision 

Since accommodative convergence can be detected only in monocular vision, 
i.e. in the absence of fusion and when no direct stimulus is given to convergence, 
it is always assumed to be a secondary reaction to accommodation. But, as we 
have seen that the act of convergence always produces an innervation to 
accommodation, it may be the case that in monocular vision, convergence, 
being free from fusion, can be called into play to produce part of the inner- 
vation to accommodation. In binocular near vision accommodation is under 
the dual control of the light vergence stimulus and convergence. We suggest 
that in monocular near vision the method of stimulation is similar except 
that convergence receives no direct stimulation and is not governed by fusion. 
The proportion in which these two controls are applied appears to be of no 
importance and may vary from one subject to another. If the reaction to light 
vergence change is efficient, less stimulus from convergence will be required 
and the accommodative convergence will be low. A high accommodative 
convergence would be found in those cases where the reflex to light vergence is 
small and more convergence effort has to be called upon to make up the 
deficiency in accommodation. We do not suggest that the accommodative 
reflex to small changes in light vergence causes no convergence reflex—if that 
were so the accommodative convergence graphs would be vertical lines in the 
lower parts of their course—but it is probable that this convergence is small in 
amount. Some subjects manifested only a small accommodative convergence in 


monocular vision, but when convergence was used to induce accommodation 
the two functions increased equally. 
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Most trained subjects would claim to be able to produce accommodation in 
monocular vision by voluntary effort, or they can by effort see clearly through 
a negative lens whose power does not exceed their amplitude of accommodation. 
We have seen that accommodation is partly dependent upon convergence for 
its initiation, and it therefore seems probable that the willed effort to accom- 
modate is applied to the convergence mechanism which is motivated by skeletal 
muscle rather than to the ciliary muscle with its parasympathetic nerve supply. 
This would mean that accommodation in both binocular and monocular vision 
is an involuntary act controlled partly as a reflex resulting from the effect of 
the light vergence at the retina and partly as a reflex from the voluntary effort 
of convergence. 


(dioptres) 


5 


2 3 4 
Convergence (metre angles) 
Fig. 10. Accommodative convergence with white fixation object @ and 
red fixation object (QO). 


It may not be possible to verify this hypothesis, but some evidence that 
accommodation in monocular vision depends upon both the light vergence 
stimulus and convergence is given by the results of measuring accommodative 
convergence using a red fixation object. In the study of the accommodation 
reflex (Fincham, 1951) it was found that in some subjects this reflex depended 
upon the chromatic aberration of the eye. Although the accommodation 
reacted well to changes in light vergence from a white object, the response to 
changes of vergence from an object illuminated with monochromatic light was 
either absent or greatly retarded. Some subjects showing this characteristic 
were selected for the experiments on accommodative convergence. We see 
from the results with red light (Fig. 10) that the accommodative convergence 
is increased in relation to accommodation. When the accommodative reflex to 
light vergence is eliminated by the use of monochromatic light the subject is 
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conscious of blurring of vision when a small change is made in the vergence of 
the light, and must make a willed effort to see clearly. This effort is applied to 
convergence and the accommodation is secondary to it. Thus the accommoda- 
tive convergence is increased. There was also more instability of both accom- 
modation and convergence than with a white fixation object. The reflex to 
light vergence not only initiates the adjustment of accommodation when the 
error of focus is relatively small, but also controls the focus of the eye once the 
image is sharp; it is the fine adjustment to accommodation. The removal of this 
control would account for the instability of accommodation that was seen in 
this experiment. Not only were the subjects conscious of the need for a willed 
effort to bring the object into focus but also they had difficulty in maintaining 
clear vision. We should not expect convergence alone without the stabilizing 
effect of fusion to produce steady accommodation. 


Lag of accommodation 

We have referred to the discrepancy which often occurs between the amount 
the eyes accommodate and the vergence of the light from the fixation object. 
In many cases the accommodation is appreciably less than is required theo- 
retically to produce a focused retinal image, a condition known as ‘lag of 
accommodation’. It is of course only shown when the measurement is made 
objectively and although this condition is more common with monocular 
fixation it frequently occurs in binocular vision. Our results show that there 
is a trend towards a greater deficiency in accommodation in subjects with high 
accommodative convergence, whereas in cases with low accommodative con- 
vergence the accommodation in binocular vision is equal to or may slightly 
exceed the divergence of the light from the object. It appears that accommoda- 
tion is more accurate in subjects with low accommodative convergence. 

We have said that low accommodative convergence occurs in subjects who, 
because their reflex to light vergence is efficient, do not need to exert much 
convergence to produce the required accommodation in monocular vision. 
When these subjects view a near object binocularly they must converge to 
produce fusion, and this causes more accommodation to be added to that which 
was in use for monocular vision. On the other hand, those subjects who exhibit 
a high accommodative convergence are having to make use of convergence in 
order to produce sufficient accommodation for monocular vision of near objects. 
Thus with binocular fusion no more convergence is exerted and therefore the 
accommodation remains the same as with monocular vision. 

Finally, let us consider what happens in binocular vision of near objects 
under normal conditions. Since the tolerance to errors in convergence is 
small, while on the other hand accommodation need not be precise, we should 
expect the stimulus to convergence to be dominant. The act of converging the 
visual axes to produce fusion of the images of the fixation object also stimulates 
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accommodation. In young subjects the accommodation so induced is sufficient 
to focus the eyes for the fixation object but at the same time the reflex to light 
vergence comes into operation. This acts as a fine adjustment of accommodation 
stimulating its increase where necessary to produce retinal images of adequate 
definition so long as the object is not within the subject’s near point. Thus the 
nerve centre which controls accommodation must be informed on the effort of 
convergence and the state of light vergence at the retina, and from the 
integration of this knowledge determines the necessary innervation to the 
ciliary muscle. The questions of the site of this controlling centre and the 
processes by which the final innervation to the ciliary muscle is evolved must 
be left as problems for the neuro-physiologists. 


SUMMARY 

1. The response of accommodation to light vergence and convergence has 
been measured objectively. 

2. The controlling effect of convergence upon accommodation in the absence 
of the effects of light vergence has been studied. 

3. Convergence-induced accommodation has been measured in twenty-two 
subjects; seven of these were repeated after a lapse of 2 years. The results show 
that up to the age of 24 years, the convergence-induced accommodation is 


equal to the convergence, and above that age it gradually diminishes. 


4. Accommodative convergence with monocular fixation was measured and 
related to both accommodation and the light vergence stimulus. 

5. Measurements of accommodation were made both while the light 
vergence was constant and convergence was changed, and while convergence 
was constant and the light vergence was changed. The results of these measure- 
ments are given in the form of graphs of relative amplitudes of accommodation 
and convergence. 

6. It is concluded that accommodation is induced by convergence as an 
unconditioned reflex. 

7. Accommodation is controlled only by light vergence and convergence of 

the visual axes, to which it reacts in a reflex manner. These controls act in 
combination; they can be in unison as in normal binocular vision or in 
opposition as when relative amplitudes are measured. 
- 8. The theory is advanced that accommodative convergence occurring 
during monocular fixation is not secondary to accommodation. It is thought 
to be a manifestation of the convergence effort called upon to induce the 
necessary accommodation to augment that which derives from the light 
vergence stimulus. 

We wish to thank all those who have contributed to this work by acting as subjects. Also we 


are indebted to Mr N. Roberts for constructing and modifying apparatus, and to Dr H. J. A. 
Dartnall, Dr R. A. Weale and Mr W. Swaine for helpful discussions. 
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Properties and comparison of some pharmacologically active ' { 
polypeptides. By A. P. Maruias and M. Scuacuter 


Stimulator control to provide single shocks alternately to nerve 
- and muscle with faradic stimulation of the nerve at pre- 
determined intervals. By P. M. G. Department of Pharmacology, 
Medical College of St Bartholomew’s Hospital, London au 
! Pulses from the oscillator section of a stimulator, based upon the design of j | 


: Attree (1950), are fed into a ‘divide by two’ circuit and alternate pulses are 
used to trigger the output sections of this stimulator and another similar 


Divide by two 
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Fig. 1. Diagram of apparatus, showing major connexions between units. 


3 instrument. Thus two sources of stimuli are available, the strengths and 
durations of the rectangular pulses being independently adjustable. One 
stimulus may be used to stimulate maximally a motor nerve and the other 
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can be applied to stimulate the muscle directly. A device (Bell & Quilliam, 
1956) enables a tetanic burst to be applied by one channel after predetermined 
numbers of single stimuli. 

In this manner it is possible to study the responses of a nerve-muscle pre- 
paration to single maximal stimuli applied alternately to the nerve and to the 
muscle and to follow any changes in the response of the preparation to faradic 
stimulation at appropriate intervals in the experiment. 

Fig. 1 is a block diagram of the apparatus. Circuit diagrams may be seen 
during the demonstration. 

REFERENCES 
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Dimensions of the ultrastructure of the Pacinian corpuscle. By 
T. A. Quituiam. Department of Anatomy, University College London 
Recent studies of the mechanism of the Pacinian Corpuscle have shown the 
desirability of obtaining quantitative information about those of its structural 
components that are beyond the resolution of the light microscope (Quilliam & 
Sato, 1955). Electronmicrographs used in an earlier qualitative study of 
specimens from the mesentery of cats and kittens (Quilliam, 1956) have there- 

fore been re-examined. 

The 30 to 60 concentric lamellae of the outer zone which surrounds the 
central core consist of flattened cells 100-500 my thick—except in peri- 
nuclear regions where these dimensions may increase up to 2». Both the 
outer and the inner surfaces of these lamellae are supported by a fine network 
of collagen fibrils arranged predominantly in a circular direction lying at right 
angles to the longitudinal axis of the corpuscle. Overlapping of the peripheral 
parts of adjacent lamellar cells ensures that every lamella is an imperforate 
‘shell’ and that each is separated from its neighbour on either side by separate 
fluid-filled intervals 1-4 » wide. Cross-connexions between adjacent lamellae 
are relatively infrequent except in the case of the 5 or 10 innermost units, 
which probably constitute a growth zone. 

The central core is 15-40 y in diameter and consists of two graduated series 
of 50 to 80 hemi-cylindrical cytoplasmic sheets (of the same order of thickness 
as the lamellae) bilaterally opposed to one another and separated by a cleft 
measuring at least 500 my from side to side. 

The nerve ending, which is here devoid of myelin and conventional Schwann 
cell sheath, lies axially and is intimately invested by the deepest of these 
cytoplasmic sheets. It is somewhat oval in cross-section with the plane of its 
longer diameter (2-3 ,z) coincident with that of the cleft. Besides the charac- 
teristic peripheral palisade of large mitochondria, structures 2-400 A in 


| diam 
4 near 
Mc 
sheat 
redu 
speci 
In 
q nerv 
| term 
| supp 
The 
Am 
dem 
enzy 
0-5 
with 
the 
deve 
q Spec 
An 
| This 
with 
to 
4 meg 
scale 


SOCIETY, 29-30 MARCH 1957 8P 
diameter and similar to synaptic vesicles are often identified in the axoplasm 
near the cleft. 

More proximally, where the nerve fibre assumes at first a Schwann cell 
sheath and then (within a few micra) a myelin sheath as well, a remarkable 
reduplicated asymmetrical spiral of the axoplasm has been observed (in one 
specimen only) but its significance remains obscure. 

Intracorpuscular capillaries are present near the myelinated portion of the 
nerve fibre only and it is now evident that the ultimate part of the nerve 
terminal may lie as much as 600» distant from its nearest effective vascular 
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Quilliam, T. A. (1956). Fed. Proc. 15, 147. 
Quilliam, T. A. & Sato, M. (1955). J. Physiol. 129, 167-176. 


The determination of blood glucose using mixed enzyme-oxygen 
acceptor reagent. By A. St G. Hueeert and D. A. Nrxon. Department 
of Physvology, St Mary’s Hospital Medical School, London, W. 2 


A modification of the enzymic method of Keston (1956) and Teller (1956) is 
demonstrated for the use on whole blood deproteinized with NaOH-ZnS0O,,. 
To 0-2 ml. of the 1:10 deproteinized filtrate is added 2-5 ml. of the mixed 
enzyme-oxygen acceptor reagent (glucose oxidase 125 mg, peroxidase 5 mg, 
0-5 ml, of 1% O-dianisidine in 95% ethanol and the volume made up to 100 ml. 
with 0-005 m-NaH,PO,2H,0 adjusted to pH 7-0). The solution is placed in a 
thermostatically controlled water-bath at 35° C for 60min. The stable colour 
developed is read in a Spekker Absorptiometer with 601 filters or in a Hilger 
Spectrophotometer at 420 my in comparison with suitable glucose standards. 
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An instrument for absolute measurement of intra-amniotic pres - 
sures and other body pressures without internal catheterization. 
By C. N. Smyru. Obstetric Unit, University College Hospital Medical 
School, London, W.C. 1 


_ This instrument was designed for the precision measurement of fluid pressures 
_ within the uterus without need for internal catheterization. It is also applicable 
to the measurement of subcutaneous tissue pressures in the limbs and to the 
- measurement of pressures in the abdomen in cases of ascites. It could be 
_ scaled down to measure pressures in the eye, or in the exposed heart. 
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Fig. 1. The force on the pressure measuring area (A) is P x A, where P is the intra-amniotic 
pressure. The force (Fg) on the guard ring does not enter into the measurement. 
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If the body wall, which behaves as an elastic diaphragm, is rendered flat, 
the pressures upon either side of it must be equal. Therefore, the positive (or 
negative) pressure which has to be applied to the surface to make it flat, is a 
measure of the internal pressure. The effects of bending at the edges of the 
measured area are overcome by the use of a guard ring which flattens an 
adjacent annulus, without contributing to the measurement of force on the 
central part. On the human uterus it is accurate to +1cm of water, even 
through bed-clothes. The instrument is the mechanical analogue of the Kelvin 
guard ring electrostatic voltmeter. The principle of the instrument is shown 
in Fig. 1. 

The Nuffield Foundation generously supported the development of this instrument. The 
instrument is the subject of a patent application by the National Research and Development 
Corporation. 


A manometer for continuous recording of low fluid pressures. By 
I. A. Boyp and W. R. Eapre. Institue of Physiology, University of 
Glasgow and The Boyd Research Institute, Glasgow 

In a study of the behaviour of the perfused frog heart it has been found that 

smal! variations In venous pressure of the order of 1 mm of water produce 

marked alterations in arterial pressure and cardiac output. The manometer 
demonstrated has been designed to give a continuous record of venous pressure 
in such an experiment. It has a linear response in the range 0-5—5-0 cm of 
water, and fluctuations of less than 0-25 mm of water can be readily observed. 

The design could be adapted to record higher pressures. 

A Perspex capsule (Fig. 1, P) with six entry tubes and one outlet tube 
leading to a fine glass cannula, is covered with a thin rubber diaphragm, Q, so 
that the fluid, flowing through the capsule, exerts a pressure on the diaphragm. 
A flat aluminium disk, KX, resting on the diaphragm, has attached to it a light 
cylindrical former, L, carrying coils A and D; A moves freely between two 
fixed coils B and C; D lies in the field of the magnet, M. Current from an 
R.F. oscillator passes through the coil A and induces in coils B and C currents 
whose magnitudes depend on the position of A between B and C. These 
induced currents are amplified and rectified. The rectifiers are connected in 
opposition to each other so that the magnitude and polarity of the potential 
at point ‘X’ is determined by the position of coil A relative to coils B and C. 
In the central position, which is arranged to be that of zero pressure, the 
rectifier outputs cancel out and the potential at ‘X’ is zero. 

Movement of the rubber diaphragm displaces coil A and a potential 
difference appears at ‘X’. This is applied to a d.c. power amplifier which 
energizes coil D in such a sense as to move coil A, and hence the rubber 
diaphragm, back almost to its original position. The current required to do this 
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is directly proportional to the pressure on the diaphragm. A parallel circuit 
operates the pen recorder and monitor meter which are calibrated directly in 
om of water. The response to an abrupt pressure change from 5 to 0 cm of 
water is 90% complete in approximately 25 msec. 

The six alternative entry tubes to the Perspex capsule facilitate the adjust- 
ment of the venous pressure during change over of perfusion fluids. The total 
volume of the capsule including inlets and cannula is approximately 0-5 ml. 
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Fig. 1. Schematic diagram of the manometer showing the arrangement of the coils 
and the associated electronic equipment. 


It has been found necessary to limit changes in venous pressure to momentary 
fluctuations of about 1 mm of water in order to maintain the stability of the 
heart. This cannot be achieved with most of the traditional devices for 
providing fluid at constant pressure. This point will be demonstrated with the 
recording manometer. The manometer is at present being used to operate 
a device which controls the height of the vessels of perfusing fluid above the 
preparation. Thus, after selecting the required pressire by a manual control, 
the venous pressure is kept constant within fine limits. 


The ultrastructure of frog muscle spindles, motor endings and 


nerve fibres. By J.D. Ropertson. Department of Anatomy, University 
College London 
Electron micrographs of frog muscle spindles demonstrating the following will 
be shown: (1) The spindle sheaths consist. of greatly flattened closely apposed 
concentric cells with double membranes 200-300 A across between their 
apposed surfaces, The surfaces forming the double membranes are in- 
vaginated into the cells to form tubular-appearing structures. Bundles of 
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collagen fibrils are associated with the sheaths. (2) In the sensory regions 
intrafusal muscle fibres contain only a few myofibrils in peripheral sarcoplasm 
about closely spaced central nuclei. (3) Here the muscle surface is extended 
irregularly to form ridges and grooves in which terminal nerve fibres run. 
(4) Unmyelinated axons and Schwann cells enter the grooves in the muscle 


Fig. 1 


surface and separate completely from one another. (5) A double membrane 
~ 200-300 A thick separates axoplasm or Schwann cytoplasm from sarco- 
plasm at the endings. (6) Numerous mitochondria are present in the terminal 
nerve fibres, (7) The nerve fibres finally leave the muscle surface and ter- 
minate in a dense perimuscular substance containing filaments~ 100 A in 
diameter and collagen fibrils~ 500 A in diameter. 

Micrographs of a type of extrafusal frog neuromuscular junction resembling 
lizard motor end-plates will be shown (Robertson, 1956). These differ from the 
lizard endings by their small size, smaller number of junctional folds and a 
more superficial position of the endings. 
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High resolution micrographs of sections of osmic-fixed myelin reveal areas 
in which the major dense lines giving a period of about 100 A (Fig. la and c; 
mag. x 518,000) are broadered into ribbons about 70-80 A wide of much less 
density bisected by a light line = 15 A wide. The position of the intraperiod 
line (Fernandez-Moran, 1953; Sjostrand, 1953) in these regions (bottom of 
Fig. la) is occupied by a light line ~ 20-30 A wide. In other regions the 
major dense line is single, much more dense and thinner (~ 20-30 A) (Fig. 1c) 
and the intraperiod line is present. Sometimes in sections of KMn0,-fixed 
myelin (Luft, 1957) (Fig. 16; mag. x 518,000) very dense lines 25-35 A wide 
repeat at a period of 40-60 A. Sometimes, however, each alternate line is 
less dense. In this material the parallel dense lines about 150 A apart con- 
stituting the axon-Schwann membrane and the SCM of unmyelinated nerve 
fibres are each double and measure about 70 A across. These membranes of 
the SCM when separated at the surface of the Schwann cell have the same 
double character over the entire Schwann cell surface. The outer dense layer 
of the Schwann surface-membrane-complex seen in osmic-fixed material 
(Robertson, 1955) is also present in KMnO,-fixed material. 
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The ultrastructure of nodes of Ranvier in frog nerve fibres. 

By J. D. Ropertson, Department of Anatomy, University College London 
The mode of termination of myelin at nodes of Ranvier has recently been 
described (Robertson, 1957). The myelin spiral unwinds from the inside over 
about 1-3 » depending on fibre size. In large fibres the axon narrows sharply 
as the unwinding begins. The nodal gap in small fibres typically measures 
about 0-5 

The Schwann cell at the node is typically about 0-2» thick. The inner 
surface-connecting-membranes (SCM) near the node run almost perpendicular 
to the fibre axis. As the last few SCM’s come off they become more nearly 
parallel to the fibre axis. The last one or two do not reach the axonsurface 
but open about 500-1000 A away from it (Fig. 1). The Schwann cytoplasm 
(Sch.cyt.) above the last SCM extends out over the nodal gap in multiple 
branching finger-like processes (proc.) c. 500 A in diameter which interdigitate 
in a complex fashion. Some of them contact the axon membrane to produce 
a short axon-Schwann double membrane about 200-250 A across. The inter- 
digitating processes form a layer a few tenths of a micron thick. Often the 


0-2 
irreg 
i thick 
100— 
extré 
Sct 
in 
| sta 
0-] 
(8.¢ 
| de 
lat 


SOCIETY, 29-30 MARCH 1957 oP 


processes are separated from one another at the axon by a light zone of only 
100-200 A. Sometimes, however, they appear to be separated by as much as 
0-2 4 perhaps by artifact. Sometimes in cross-sections only one layer of 
irregularly spaced processes is seen forming a collar around the axon 0-1 
thick. A layer of amorphous-appearing moderately dense material about 
100-200 A thick usually can be seen between the collar of nodal processes and 
extracellular space. This is continuous with the outer dense layer of the 
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Schwann surface-membrane-complex (not shown) and seems related to the 
interstitial ground substance which appears delicately filamentous after some 
staining procedures. 

Juxta-nodal Schwann cytoplasm contains round mitochondria (m.) about 
0-1-0-3 » in diameter and small (0-1 » and less) homogeneously dense bodies 
(s.gr.). Nodal axoplasm contains small mitochondria, axon filaments, very 
dense granules (d.gr.) and vesicular-appearing bodies ~ 500 A in diameter. The 
latter are sometimes arranged singly in parallel array along the fibre axis. 


REFERENCE 
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An electronic analogue computer for investigating theories of 
functioning of the nervous system. By W. K. 


End-feet in the cerebral cortex. By J. Anmstrone and J. Z. Youne. 
Department of Anatomy, University College London 

Synaptic end-feet can be readily studied by a stain that preserves the mito- 

chondria they contain (Wyckoff & Young, 1956; Armstrong, Richardson & 

Young, 1956). When this method is applied to the cerebral cortex, end-feet 


: 

met 


Fig. 1. End-feet around cell bodies and dendrites seen in section parallel to the pial surface. 
Cat’s visual cortex. 


Fig. 2. Pyramidal cell and its apical dendrite from cingulate cortex of the cat. 


are seen all over the surfaces of the cell bodies and dendrites (Figs. 1, 2). The 
attached nerve fibres are seldom stained, but the bodies are shown to be end- 
feet by their arrangement in rings around the dendrites and their absence 
from white matter. The test of degeneration is not easy to apply. After 
section say of the callosum the changes probably involve fragmentation of these 
already very small bodies. Later they disappear, but their absence is not 
obvious because of the great number that originate elsewhere and therefore 
remain intact. With suitable differentiation the mitochondria in the nerve 
cell bodies and glia protoplasm are unstained. 
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_ The cortical end-feet range from 1-5 » diameter downwards. None of them 

are as large as the classical boutons of the ventral horn. No doubt there are 
many below the limits of resolution with visible light. Even counting those 
that are visible, as many as 80 may be seen per 100 yu outline of dendrite 
surface, in sections 2 » thick. With appropriate corrections this means at least 
25 end-feet per 100 u*. With the figures for cell surface given by Sholl this 
gives more than 8000 end-feet over the cell body and dendrites of a large cell 
of the cat’s sensorimotor cortex. 
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Apparatus for stimulating receptors by pressure pulses. By 
BE. Gotpman and J. A. B. Gray 


Measurements of structural displacements in Pacinian corpuscles a 
during rapid compression. By 8. J. Husparp 


Examination of striated muscle in the electron microscope, using 
ultra-thin sectioning. By H. E. Huxiry \ 


Intracellular recording frem synaptic elements in crayfish nerve Aa 
cord. E. J. Fursupan and D. D. Potter i 
| 
Neurones in the lumbosacral region of the cat’s spinal cord. By ‘ 
J. T. and J. B. 
A method of testing the effect of drugs on experimental tetanus. { : 
By D. R. Laurence and R. A. WressTEeR 4 
Collection and estimation of noradrenaline in venous blood. By ; ’ 
G. L. Brown, B. N. Davies and J. 8. Gmixsrm i 
a 


Reaction of plain muscle to acetylcholine in isotonic KCl Ringer’s 
solution. By D. H. L. Evans and H. 0. 


_ Peripheral factors in the synchronization of motor unit activity in 
| muscle. By 0. C. J. Lirrotp, J. W. T. Reprearn and J. Vuco 
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A comparison of two methods for studying the series elastic 
component of muscle. B. R. Jewext and D. R. Witxie 


A class experiment on the action potential By J. F. Patmer, 
G. L. Reap and D. R. Wirxre 


The effect of valvular incompetence upon the output of the isolated 
heart of the frog. By J. B. E. Baxer 


The utilization of phosphate bond energy for sodium extrusion 
from giant axons. By P. C. Catpweit* and R. D. Keynes. 
Laboratory of the Marine Biological Association, Plymouth 

The parallel between the disappearance of phosphate esters from the axoplasm 

(Caldwell, 1956) and the blocking of the sodium efflux (Hodgkin & Keynes, 

1955) in cephalopod axons treated with metabolic inhibitors, suggests that the 
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Mig: 1. The rate of loss of radioactivity from a 780 y squid axon loaded by micro-injection with 
6700 counts/min of *Na, distributed over 12 mm. The ATP was injected over the same 12 mm, 
and contained 32x 10-* moles ~P. The vertical lines indicate +2xs.2. of the counts. 
Temperature 19°C. At the end of the experiment the axon was still giving a 98 mV spike 
over the whole of the injected region, and 4900 counts/min of **Nea remained inside it. 


active transport mechanism may derive its supply of energy from phosphate 

bonds. This idea has been tested directly by examining the effect on the sodium 

efflux of injecting ATP and arginine phosphate into squid axons poisoned with 
* Beit Memorial Fellow. 
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cyanide. The rate at which "Na appeared in the external medium was 
measured after the isotope had been introduced by micro-injection (Hodgkin 
& Keynes, 1956). Fig. 1 shows that 2 mm-CN reduced the efflux to about 
one-sixth of its initial value, and that it could then be partially restored for a 
while by injecting some ATP. An injection of the same ATP solution which 
had been broken down to AMP and inorganic phosphate by heating in a sealed 
tube for several hours had no effect. A similar recovery of efflux was observed 
when arginine phosphate was injected, but did not occur after control in- 
jections of broken-down arginine phosphate, KCl, K,S8O, or K isethionate. 
The external application of arginine phosphate also gave negative results. 

In Fig. 1 the extra radioactivity (above a level of 2 counts/min*) emerging 
after the ATP injection, represented 27% of the total internal sodium. 
Taking [Na,] as 70 mm, this corresponds to 11 x 10-* moles Na, so that about 
three ~ P bonds were needed to extrude one Na+. This axon was unusually 
efficient, the average ~ P/Na ratio being nearer 4, both for ATP and for arginine 
phosphate. But these calculations give only a lower limit for the efficiency of 
the sodium-potassium pump, since other cellular mechanisms must account 
for some of the energy consumed. 


We are indebted to Professor A. H. Ennor for a sample of arginine phosphate. 
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Potassium movements and phosphate metabolism in red cells. 
By R. Warrram*. Physiological Laboratory, University of Cambridge 
Human red cells depend upon glycolysis for the maintenance of their high K 
and low Na concentrations (Harris, 1941), but the nature of the linkage 
between the production and utilization of the glycolytic energy is unknown. 
A product of glycolysis is ATP which is widely supposed to be the form in 
which energy is transformed from one kind to another in cells doing work. 
This hypothesis has been tested in red cells by measuring the concentrations 
of their main phosphate esters, ATP, ADP and 2:3-diphosphoglyceric acid 

(2:3-PGA), when the cells were maintaining, losing and gaining K. 
Fresh washed cells incubated with glucose at 37° C for 5 hr maintained their 
K and ATP (0-5 m-mole/l. vel!s) but the 2:3-PGA fell to a half of its initial 


—— value (2-5 m-mole/l. cells). Glucose deprivation and iodoacetate caused a 


loss in K, a fall in ATP and ADP and a disappearance of 2:3-PGA. Fluoride 
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caused a loss of K and ATP but the 2:3-PGA fell only 50%. During storage 
at 4° © with glucose, K and ATP decreased and these changes were reversed 
on incubating the cells at 37° C. Cells cold-stored without glucose, however, did 
not recover K at 37° C with glucose but they did so with adenosine when a 
synthesis of nucleotide, hexose phosphate and 2:3-PGA occurred, the cell 
orthophosphate being esterified. During 2 hr incubation the adenosine was 
almost all converted to inosine and hypoxanthine. 

Digoxin inhibits active K movements but not glycolysis (Schatzmann, 
1953). Experiments with fresh and cold-stored cells now show that the effect 
on K is not due to a loss of ATP which was at the same intracellular con- 
centration both in the presence and absence of digoxin. 

These results show that prevention of glycolysis by glucose deprivation, 
fluoride, iodoacetate or low temperature caused a fall in ATP and in K and 
also that 2:3-PGA can be utilized as an energy source. The evidence is con- 
sistent with the view that ATP is at least one link in the coupling between 
glycolysis and the active transport of K (see also Gerlach, 1956). The effect 
of digoxin, however, shows that ATP alone was not sufficient and suggests 
that a membrane cation carrier, inactivated by digoxin, is also empeired. 
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The lack of a red-sensitive pigment in the protanope. By W. A. H. 
_—Rusuton. Physiological Laboratory, University of Cambridge 


Measurements of light reflected from the human fovea before and after © 


‘bleaching’ with a bright light permit some analysis of cone pigments. In 
normal eyes a red-sensitive pigment appears most conspicuous but a green- 
sensitive pigment is also present. 

Protanopia is the kind of red-green colour blindness where the subject is 
rather insensitive to red, and confuses all tints which, in the colour triangle, 
lie upon lines radiating from the red point (Helmholtz~Maxwell). It has there- 


fore been generally held that protanopes lack the red ‘sensitivity’ in the 
trichromatic system. 


The pigment of the protanopic fovea is strikingly different from norma!. 


No bleaching results from a deep red light of a strength which removes mucl: 
of the red-sensitive pigment in normal subjects. Moreover, in the protanope 
an orange and a blue-green bleaching light produce the same difference 
spectrum indicating that only one pigment is present in measurable amounts. 
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Its maximum is at 540 my and hence the pigment is green-sensitive. Now if 
only one pigment underlies the sensation of brightness, its action spectrum 
should coincide with the subjective spectral sensitivity just as twilight 
visibility coincides with the rhodopsin spectrum, and in the protanope this 
appears to be the case. 

The protanope therefore lacks red ‘sensitivity’ because he lacks the corre- 
sponding cone pigment. These cones, however, do not stand empty. The total 
pigment density is about normal so those cones which lack the pigment for 
red appear to contain the pigment for green. | 


Rhodopsin regeneration in the albino rat. By D. M. Lewis. Physio- 
logical Laboratory, University of Cambridge 
The ophthalmoscopic method of measuring rhodopsin in the eyes of living 
animals permits a continuous record to be made of the rhodopsin density 
during various kinds of procedures. It is therefore apt for the study of factors 
affecting regeneration. 

' Regeneration in the dark. When anaesthetized rats are fully light-adapted 
and then kept in the dark, the rhodopsin density rises linearly for 3 hr at a 
rate of about 0-05 log unit/hr. The rate then declines so that a maximum 
density of 0-2 is reached after some 7 hr. 

Effect of light. When light of moderate intensity falls upon the dark-adapted 
retina bleaching occurs, and the density of rhodopsin falls to a steady level 
which does not correspond to complete bleaching since a stronger light will 
reduce it further. At equilibrium the rate of bleaching must be equal to the 
rate of simultaneous regeneration, and the question arises whether the latter 
is the same as the linear regeneration rate in the dark, or whether the incident 
light accelerates regeneration in vivo as Hubbard (1956) has shown it to do 
in vitro. From the records of bleaching to equilibrium with lights of various 
known strengths it is possible to deduce the rate of concurrent regeneration. 
This turns out to be the same as the linear rise in the dark. The bleaching 
lights used were either 517 mu or 469 my, so neither absorption by rhodopsin 
nor by its early photoproduct appears to affect the regeneration rate in vivo. 

Effect of temperature. The rate of regeneration was measured either in the dark 
or during bleaching by light of 517 mp at two different body temperatures (37° 
and 27° ©). The fall of 10° C did not cause a change in rate by more than 20%. 


REFERENCE 
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The reactions of the capacity vessels of the human hand and 
forearm to vaso-active substances infused intra-arterially. By 
W. E. Grover, A. D. M. Greenrietp, B. 8. L. Kiopand R. F. 
Department of Physiology, The Queen’s University of Belfast 
In warm recumbent subjects, with the arm raised about 10° above the 
horizontal, measurements were made of (a) the volume of the forearm or hand 
exposed to an external pressure of 9 cm of water, and (6) the increase in this 
volume during graded venous congestion of up to 60mm Hg. Changes in 
(a) were considered to be mainly due to changes in the higher pressure (pre- 
venous) capacity vessels, and in (6) mainly due to changes in the lower pressure 


(venous) capacity vessels, A continuous infusion of 0-9°% sodium chloride was — 


maintained through an indwelling needle in the brachial artery at a rate of 
4 ml./min, and observations made under these conditions were compared with 
those made when noradrenaline, adrenaline, 5-hydroxytryptamine and 
histamine were being infused, the min dose being contained in 4 ml. of saline. 
Reactions in the forearm and hand were similar, and it was found that: 


Both noradrenaline and adrenaline, in doses of 0-1, 0-4 and 1-0 »g/min 


caused a reduction in both (a) and (6). 

5-hydroxytryptamine, in doses of 1, 2 and 4 g/min caused a marked 
reduction in (6), but little change in (a). The infusion of 16 »g/min for 10 min 
caused a persistent volume increase of 1-2°%, in the forearm, presumably due 
to oedema formation. 

Histamine, in doses of 1, 2, 5 and 10 wg/min increased (a), but had no 
effect on (0). 

From these results it is concluded that the site of action of 5-hydroxytrypt- 
amine is mainly on the venous, histamine on the prevenous, and noradrenaline 
and adrenaline on both the venous and prevenous capacity blood vessels. 


Hypertrophy of the seminal vesicles and prostate following 
degeneration of the tubules of the testis produced by various 


methods. By J. A. Nissim. Department of Pharmacology, Guy’s . 


Hospital Medical School, London, S.E. 1 


It has recently been shown that nitrofurazone, given to mice in concentrations 
of 0-15-0-3% im the diet, causes degeneration of the seminiferous tubules 
associated with hyperplasia and hypertrophy of the interstitial cells of the testis 
and enlargement of the seminal vesicles and prostate (Nissim, 1957). This effect 
was entirely absent in hypophysectomized mice receiving nitrofurazone. 
Since nitrofurazone is cytotoxic, it did not seem probable that it produced 
this effect by direct stimulation of the pituitary. If, on the other hand, the 
interstitial cell overactivity was the consequence of damage to the germinal 
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cells, it should also follow other procedures which lead to tubular injury. 
Experimental cryptorchism was therefore employed as a method of causing 
tubular degeneration in adult male mice. Two distinct operative procedures 
were adopted in separate experiments, viz. (1) scrotal invagination, and 
(2) occlusive ligation of the epididymis major to the anterior abdominal wall. 
The weights of the testis and seminal vesicle (including coagulating gland 
and posterior lobe of prostate) are given in the table. 


4 


Average | 

t A ight A t 

Experiment mice (g) (mg) vesicle (mg) q 

Normal 180 25-5 107415 8341-6 

Methods I and 2 37 27-5 6723-3 11743-4 . 


The probability values obtained from tests of significance between the 
corresponding figures in cryptorchism experiments and those of the control 
were all <10-*. Cryptorchism with ligation of the epididymis major resulted 
in greater testicular atrophy than did scrotal invagination, but the mean a 
| weight of the seminal vesicles did not differ significantly. When the results of a 
the two methods are combined (line 4 in table), the significance values are 
markedly increased (P<10-*). Earlier workers (Moore, 1924; Mann, 1956) 
believed the increase in the interstitial cells to be only apparent and attributed 

it to the collapse of the tubules. The present study of the weight of the 
seminal vesicle and prostate and of the histological appearances of the testis 
leave little doubt that the interstitial cells undergo true hypertrophy and 
hyperplasia after degeneration of the seminiferous tubules. 
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Gastric pH receptors with slowly conducting centripetal fibres. 
By A. Iaco. Physiology Department, University of Edinburgh 
Electrical activity was recorded from nineteen single vagal afferent fibres with 
endings in the gastric mucosa of the cat. The conduction velocities in the 
fibres ranged from 1-0.to.5-0 m/sec; this range overlaps that of the centripetal 
C fibres from gastrointestinal tension receptors (Iggo, 1957). 
All the fibres gave a brief discharge of impulses when the mucosa was 
stroked firmly with a smooth glass rod; they were not excited, however, by 
sustained moderate gastric distension, gastric contractions or digital com- 
pression of the gastric wall. To all these stimuli gastric tension receptors 
: b 
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responded with a slowly adapting discharge of impulses (Iggo, 1957). Over- 


distension of the stomach gave a slowly adapting discharge in fibres from some 
of the mucosal endings. 

On the basis of their response to the pH of fluids in contact with the mucosa 
the fourteen receptors tested could be separated into two classes. 

(a) Acid-sensitive receptors. The most sensitive of these endings gave an 
erratic and short-lived discharge of impulses at pH 3. The discharge was more 
persistent and the frequency was higher with more acid solutions. 

(b) Alkali-sensitive receptors. The threshold of the most sensitive of these 
endings was pH 8-2; at pH 9-3 nearly all of these receptors were excited. 
Both classes gave a persistent discharge of impulses to a sustained supra- 
threshold stimulus and the maximal rates of firing with the strongest fluids 
used (0-2n-HCl and 0-1n-NaOH) were about 50 impulses/sec. The receptors 
responded in a consistent way to repeated stimulation for as long as 3 hr. 

The receptors were not excited when the following chemicals were put on 
the mucosa—glucose or sucrose solution, 30-70% (v/v) ethyl alcohol, Ringer- 
Locke solution, distilled water, 0-15 and 0-6 m-NaCl solution, peptone solution, 
oleic acid, 30°, culinary mustard solution and bile. 
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Excretion of phlorrhizin by the liver. By F. A. Jenner and 

D. H. Smytu. Department of Physiology, University of Sheffield 
The fate of injected phlorrhizin was studied by Lambrechts (1937), who con- 
cluded that while some might pass into the urine, most of it was metabolized 
in the muscles. These results were based chiefly on the finding that the rate of 
disappearance of phlorrhizin from the blood was apparently not affected by 
tying off the kidneys. Recently, Jenner & Smyth (1956) found that phlorrhizin 
caused an increase in reducing substances in dog bile. As reducing substances 
might be derived from phlorrhizin, we investigated whether phlorrhizin was 
present in the bile after intravenous administration. 

Dogs were anaesthetized with pentobarbitone sodium, the cystic duct was 
tied and the common bile duct cannulated. Phlorrhizin was injected intra- 
venously and the bile collected for 5-6 hr subsequently. The following test: 
carried out on the bile are strong evidence that phlorrhizin or a derivative was 
present in the bile in considerable quantities. (1) The colour reaction with 
diazotized sulphanilic acid in a decolorized bile filtrate increased 100-fold 
or more, while the bilirubin remained constant; This means that either 
phlorrhizin or a derivative is present in the bile in high concentration (ap to 
900 mg %), or alternatively that phlorrhizin caused appearance in bile of som« 
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other aromatic substance not normally present in significant amounts. (2) After 
precipitation of the bile with basic lead acetate (which precipitates phlorrhizin) 
and subsequent decomposition of the precipitate with H,S and extraction with 
alcohol, a solution is obtained which gives a v.v. absorption spectrum charac- 
teristic of that of phlorrhizin or phloretin. (3) A filtrate of bile from a phlor- 
rhizinized dog when tested by the technique of Sheff & Smyth (1955) caused 
inhibition of glucose absorption from the intestine of the rat. 

The substance in the bile was therefore very probably phlorrhizin or some 
derivative of it. Chromatographic evidence suggests in fact that it is not un- 
changed phlorrhizin, and a glycuronic acid derivative seems possible. There 
are many difficulties in making an accurate quantitative estimation of the 
amount present, but it is quite certain that the concentration of this substance 
in the bile is many times that of the concentration of phlorrhizin in plasma, 
and persists in the bile long after the plasma concentration has fallen to 
insignificant values. We have previously shown that phlorrhizin acts as a 
choleretic, and our present findings are in keeping with the fact that a number 
of choleretics are concentrated in the bile. 

There is considerable evidence that some phlorrhizin may be excreted by the 
kidney, and our results are not inconsistent with this view. Since some of the 
phlorrhizin excreted in the bile may be reabsorbed from the intestine the kidney 
may play a part in its final removal from the body. 


Jenner, F. A. & Smyth, D. H. (1956), J. Physiol. 188, 20-21 P. 
Lambrechts, A. (1987). Arch. int. Physiol. 44, Suppl., 1-162. 
Sheff, M. F. & Smyth, D. H. (1955). J. Physiol. 128, 67 P. 


The effect of passive movement of the head on the pressure of 
the cerebrospinal fluid of the anaesthetized dog. By T. H. B. 
Beprorp. Department of Pharmacology, University of Manchester 

The effect of movement of an animal as a whole on the pressure of the cerebro- 

spinal fluid has been studied by Weed, Flexner & Clark (1932) and Weed & 

Flexner (1933a, 6). In these experiments there was no independent move- 

ment of the head and neck in relation to the rest of the body. In the experi- 

ments to be described, the trunk was maintained in the horizontal position 
while the effect of movement of the head and neck on the pressure of the 
cerebrospinal fluid was studied. 

The dogs were anaesthetized with pentobarbitone sodium (40 mg/kg 1. v). 
The head was supported by a clamp fixed to the upper jaw and attached to a 
device by which graduated movements could be brought about in the position 
of the head and neck in relation to the rest of the body. The pressure of the 
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cerebrospinal fluid was measured in the cisterna magna, in @ lateral ventricle 
and in the lumbar region of the spinal canal. Forward movement of the head 
caused a fall and backward movement a rise of pressure in the cisterna magna 
and spinal subarachnoid space. Lateral rotation and movement in the 
horizontal plane through an angle of 45° both produced rises of pressure of 
15-60 mm H,0. A rise of pressure first became apparent after the head had 
been moved through an angle of 10° and rose progressively as the movement was 
increased. The new levels were rapidly attained. On returning the head to its 
original position the presure fell rapidly to a level 10-20 mm below the initial 
one. It was found, however, in experiments with the recording needle in a 
lateral ventricle that after the column of fluid in the manometer had reached 
a certain level following movement of the head, pulsation ceased and there was 
no further rise. There was then no response to jugular compression. When the 
head was returned to its original position, pulsation reappeared after a delay 
of } min or more and the column fell slowly to a level below the initial one. 
Identical effects were obtained when the jugular veins were compressed 
independently of movement of the head. 

The similarity of the effects on the cerebrospinal fluid pressure of movement 
of the head to those obtained on jugular compression suggests that they may 
be caused by a rise in intracranial venous pressure. As a rise in intracranial 
venous pressure appears to bring about a partial or complete obliteration of the 
lateral ventricles, it is conceivable that in the unanaesthetized animal this may 
constitute a means by which the escape of cerebrospinal fluid from the lateral 
ventricles is maintained. 
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Effect of lack of glucose and of lack of oxygen on ventricular 
fibrillation. By J. H. Burn and P, J. Gooprorp. Department of 
Pharmacology, University of Ouford 

In studies on ventricular fibrillation made in the isolated and perfused rabbit 

heart, it has already been shown that the addition of dinitrophenol to the 

perfusion fluid causes ventricles to fibrillate for long periods when stimulated 
briefly at a high rate. In the absence of dinitrophenol fibrillation was of short 
duration, a normal rhythm returning spontaneously (Armitage, Burn & 

Gunning, 1956). 

We have now examined the effect of removing glucose for 1-5-3 hr from the 
perfusing medium. Ventricles then fibrillated for long periods after electrical 
stimulation, and the fibrillation was always arrested by adding glucose to the 
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perfusate. In some experiments, hearts perfused with a glucose-free solution 
fibrillated without electrical stimulation. 

The effect of removing oxygen was very different. Hearts which fibrillated 
after electrical stimulation when the perfusion fluid was aerated with 0,+5% 
CO,, ceased to fibrillate on changing to a perfusion fluid aerated with N, +5% 
CO,, and a normal rhythm was restored. Fibrillation could not be produced 
by electrical stimulation in hearts perfused with a solution aerated with 
N,+5% CO,. We have also studied the effect of temperature changes. 
Ventricles fibrillating at 37° reverted to normal rhythm at 32° C, and passed 
once more into fibrillation as the temperature rose again. Observations with 


sodium azide showed that in its presence stimulation caused fibrillation of _ 


long duration; this fibrillation reverted to normal rhythm on removing azide 
from the perfusion fluid. Adrenaline 4 x 10-? also caused fibrillation of long 
duration. 
REFERENCE 
Armitage, A. K., Burn, J. H. & Gunning, A. J. (1956). J. Physiol. 188, 62 P. 


Effects of urea upon oxygen consumption and water content 
of kidney slices. By J. R. Rosrnson. Department of Experimental 
Medicine, University of Cambridge 

Cortical slices from the kidneys of adult male rats were incubated under oxygen 

for 1 hr at 38° C in the flasks of Barcroft manometers. The medium contained 

physiological concentrations of sodium, potassium, calcium, magnesium, 
chloride and glucose, and was buffered at pH 7:4 with phosphate; urea was 

added to provide concentrations up to 1800 mm. 

Oxygen uptake was inhibited by concentrations of urea over 300 mm. The 
percentage of water in the slices fell from 75 to 73 as the concentration of urea 
was raised from 0 to 300 mm, and then increased again to reach 79% in 
1800 mm urea, so that inhibition of respiration appeared at first to be accom- 
panied by an unexpected decrease in water content. 

An appreciable portion of the dry matter of the slices must, however, have 
been urea. Fig. 1 shows that the ‘urea-free’ water content (calculated by 
assuming that urea permeated all the water of the slices during their in- 
cubation) increased as respiration was inhibited. 

The ‘urea-free’ water content of 86-6, observed when the medium con- 
tained 1800 mm urea was considerably greater than when respiration was 
inhibited by cyanide (Robinson, 1950) or anoxia (Robinson, 1956), as though 
urea exerted some more specific effect besides inhibiting respiration ; but Fig. 1 
suggests that a higher concentration of urea was required to increase the water 
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content than to depress the respiration of the slices, so that if there were any 
such effect, it could only have come in at high concentrations. 


i 
300 600 1200 1500 1800 
Concentration of urea (mm) 


Fig, 1. Effect of urea upon oxygen consumption (@) and water content (@) 
: of rat kidney slices. 


It is interesting that the lowest concentration of urea which affected the 
respiration and the hydration of the tissue (about 600 mm, or 36%) was of an 
order ten times larger than those commonly encountered clinically in uraemic 
blood, but about ten times smaller than those which denature proteins. 
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Stimulation and ablation of the taste pathway within the thalamus 
of the goat. By B. Anpersson and P. A. Jeweiy. Department of 
Physiology, Kungl. Veterindrhégskolan, Stockholm 


Experiments were carried out on the unanaesthetized goat, using the implanted 
electrode technique, to explore the reactions of parts of the thalamus. Stimu- 
lation of the postero-ventral thalamus evoked a response which suggested that 
the animal was experiencing an unpleasant taste. The response consisted of 
licking and chewing movements and characteristic ‘rejecting’ movements of 


the jaw and tongue. Exactly similar reactions could be produced by squirting 
a solution of quinine into the mouth. 
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A simple test was employed to determine the ‘taste rejection threshold’ in 
a number of animals. After a period of dehydration the goat will usually 
drink several litres of water in one draught. The animals were kept without 
water for 2 or 3 days and then offered bitter, salt or acid solutions. All normal 
animals completely refused to drink solutions any stronger than 50 mg 
quinine/100 ml. water, 0:25°% HCl or 25% NaCl. Bilateral electrolytic lesions 
were then placed in the thalamus at the positions giving the most marked 
‘rejection’ response to stimulation. 

During a period of 2 months following the placement of the lesions one goat 
gave no evidence of possessing any sense of taste whatsoever. It readily drank 
300 mg quinine/100 ml., 1% HCl, and 10% NaCl. However, at the end of 
this period it began to refuse 1% HCl whilst still accepting 0-5% HCl. 
Another goat, in which the lesion on one side was small, accepted 100 mg 
quinine/100 ml. immediately following the thalamic damage, but 10 days 
later showed clear signs of tasting the stronger solutions. 

Histological examination of the celloidin-embedded brains showed that the 
points from which stimulation evoked the taste reactions were all within a 
fairly restricted region of the postero-medial ventral nucleus. The lesion which 
effectively abolished taste was centrally placed in this nucleus. 

Patton, Ruch & Walker (1944) have shown that extensive lesions in the 
posterior thalamus of the monkey can cause a marked diminution of the sense 
of taste, and Hess (1949) has recorded licking and chewing movements from 
widely dispersed points in the ventral thalamus but including the postero- 
medial nucleus. The present experiments afford evidence for a finer localization 
of the thalamic course of the taste pathway than has previously been obtained 
by physiological studies. 

This work was carried out during the tenure by one of us (P. A.J.) of a Wellcome Research 
Travel Grant. 
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The effect of hypertonic solutions on the velocity of shortening of 
the frog’s sartorius. By J. V. Howarrs. Department of Physiology, 

zs University College London, W.C.1 | 
The effect of increased osmotic pressure of the bathing fluid on the rate of 
_ shortening during an isotonic tetanus was shown at an informal demonstration 

to the Society in March 1956. 

The velocity of shortening depends on the load in relation to the strength of 
the musele and since the strength is reduced by hypertonic solutions the effect 
has been studied under conditions in which a reduction of strength can have 
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no effect, namely, under zero load. The ‘intrinsic speed’ so obtained is derived 
from extrapolation of a small region of the load-velocity curve (Fig. 1). 

Solutions with up to three times the osmotic pressure of normal Ringer's 
solution have been used. The speed progressively decreases as the concentra- 
tion is raised, being down to one-fifth in 2} x Ringer’s solution. In 3 x Ringer's 
solution the muscle shortens extremely slowly; so slowly that to a single 
stimulus there is no detectable mechanical response. Hodgkin & Horowicz 
(1957) have shown that a normal action potential is still}propagated under such 
conditions, and Hill (1957) has shown that heat is produced. 


10«R 
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Fig. 1. Force-velocity relation, at very small loads, of muscles in solutions of various osmotic 


pressures obtained by adding NaCl. Osmotic pressure as a multiple of that of normal Ringer’s 


solution (e.g. 2-5 x R): velocity as percentage of that with zero load in normal Ringer’s solution. 


The effect is the same whether the osmotic pressure is raised by added 
sucrose or NaCl. The muscles recover well when returned to normal Ringer’s 
solution. 

The rate of lengthening during relaxation is similarly reduced which results 
in greatly protracted relaxation following isometric contraction. 

Experiments in hypotonic solutions revealed no effect on the velocity of 
shortening, but the strength and duration of the twitch were substantially 
increased as in muscles bathed in nitrate- or iodide-Ringer. 
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The output of | sympathetic transmitter from the spleen. By 


G. L. Brown and J. 8. Guitzsriz. Department of Physiology, University 
College London, W.C. 1 


We have, measured the output of noradrenaline from the spleen of the 
chloralosed cat after stimulation of the splenic nerves, by collecting venous 
blood and assaying its noradrenaline content on the blood pressure of the 
pithed rat. We have already shown (Brown & Gillespie, 1956), that with 200 
maximal stimuli, the output/stimulus is related to the frequency, being low 
at 10/sec, reaching @ maximum at 30/sec and then falling. The frequency- 
output curve is unchanged after treating the animal with the anti-amine 
oxidase Marsilid (isonicotinylisopropylbydrazine). Treatment of the animals 
with dibenamine (NV N-dibenzyl-8-chloroethylamine), on the other hand, was 
shown to increase the output at 10/sec until it equalled that at 30/sec which 
remained unaltered. Dibenamine has the disadvantage that it is slow in 
action, and we therefore could only compare the output in a treated animal 
with the average output from untreated animals. We have now used a similar 
blocking agent dibenzyline (N-phenoxyisopropy!-N-benzyl-8-chloroethyl- 
amine) which is quick enough in action to allow comparison in the same animal 
of outputs before and after its administration. The expected increase in output 
at the lower frequencies occurred. So great was the increase at 10/sec (195 pg/ 
volley up to 3100 pg/volley) that we were led to investigate frequencies as low 
as 1/sec, and the output was found to equal that at 10/sec. Dibenzyline there- 
fore, like dibenamine, upsets the normal output-frequency relation, and the 
outputs at frequencies of stimulation from 1 to 30/sec are the same. These 
results suggest that the amount of transmitter liberated at the nerve endings 
is constant up to 30/sec, and that its removal in the tissues is complete at 
frequencies less than 10/sec. Removal of the transmitter would appear to be 
due to its combination with the tissue receptors, because blocking of them by 
dibenzyline causes a great increase in amount of transmitter appearing in the 
venous blood. Neither dibenamine nor dibenzyline increases the output/ 
stimulus at frequencies at or above 30/sec. The failure of dibenzyline to 
increase the low output at frequencies above 50/sec suggests that at these 
frequencies the cause of the deficient output is a failure of liberation rather 
than excessive removal. 


REFERENCE 
Brown, G. L. & Gillespie, J. S. (1956). Nature, Lond., 178, 980. 
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The effect of pH and p-chloromercuribenzoate on the combination 
of carbon monoxide with haemoglobin. By 8. AmvswortH and 


Q. H. Grsson. Department of Biochemistry, University of Sheffield 


Independent estimates have been made of the values of 4 and l,, the rate 
constants for the combination of the first and fourth molecules of carbon 
monoxide with reduced haemoglobin. The method adopted for the deter- 
mination of [, has already been described by Gibson (1956). The determination 
of I; requires the isolation of the reaction 

Hb,+CO— Hb,CO. 


This may be done by allowing a small quantity of carbon monoxide to react 
with a large excess of haemoglobin so that intermediate compounds containing 
more than one molecule of CO are not formed to an appreciable extent. The 
required mixtures are readily prepared by flash photolysis of solutions of 
reduced haemoglobin containing small proportions of carboxyhaemoglobin. 
In the recombination reaction carbon monoxide reacts initially with com- 
pletely reduced haemoglobin, thus allowing the determination of |). 

Values of J, and I; have been determined for association reactions taking 
place in solutions whose pH varied between 5 and 10. It has been found that 
the rate of reaction varies widely with pH, minimum values of the rate constants 
being found in the pH range about neutrality. The finding of a minimum in 
the pH velocity curve requires the successive dissociation of two acidic groups 
closely associated with the haem group and the formation of three reacting 
species of haemoglobin. | 

The effect of blocking the sulphydryl groups of haemoglobin with p-chloro- 
mercuribenzoate has also been studied. It has been found that blocking 
increases the value of |; by about four times but reduces the value of I, to about 
one-half of normal. Both these changes can be reversed by addition of 
glutathione. 
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The influence of anions on the membrane resistance of skeletal 


muscle. ByS.M.Papsna. Department of Physiology, University College 
London, W.C. 1 


In frog sartorius preparations the falling phase of the end-plate potential is 
slowed when chloride in Ringer’s solution is replaced by nitrate. This observa- 
tion could mean that the membrane resistance of skeletal muscle depends in 
part on the anions in the external medium. To test this possibility changes in 
the membrane resistance were estimated by placing the muscle in one arm of 
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a Wheatstone bridge fed with weak rectangular current pulses and recording 
the time course of the electrotonic potential at balance (Katz, 1942). The time 
to half-decay was taken as proportional to the membrane resistance; with 
different test solutions the half-times varied approximately as the square of 
the electrotonic potentials during the steady state. Electrode polarization 
was largely cancelled by inserting dummy electrodes in the opposite arm of the 
bridge. 


Fig. 1. Electrotonic potentials recorded under different conditions: a, c and e, with chloride- 
Ringer containing 0, 2-6 and 26 mu K+ respectively; 6, d and f, with iodide-Ringer con- 
taining 0, 2-6 and 26 mm K+. Only the decay of the potential after a 700 msec pulse is shown. 
The bridge is in balance during the steady state; g, muscle replaced by saline wick. 


The average values of the membrane resistance in chloride-, bromide-, 
nitrate- and iodide-Ringer were approximately in the ratio of 1:1-5:2-0:2-7. 
Thiocyanate also increased the membrane resistance, but the effect was 
irregular at higher concentrations. Sulphate had a similar effect to iodide. 
When the membrane resistance was changed by altering the concentration of 
potassium in the external medium between 0 and 26 mm, the relative increase 
produced by nitrate and iodide remained approximately the same (Fig. 1). 
These results suggest that chloride may contribute substantially to the 
membrane conductance over a considerable range of resting potential. 

The anions studied are known to increase the muscle twitch (Kahn & 
Sandow, 1950; Hill & Macpherson, 1954). The present observations may be 
related to this action, but it should be noted that tetraethylammonium 


_ chloride, quinine and high pressure, which also prolong the active state 
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(Edwards, Ritchie & Wilkie, 1956; Lammers & Ritchie, 1955; Wilkie, un- 
published), have no obvious effect on the resting membrane resistance 
(Hagiwara & Watanabe, 1955; Padsha & Podolsky, unpublished). 


REFERENCES 


Edwards, C., Ritchie, J. M. & Wilkie, D. R. (1956). J. Physiol. 183, 412. 
Hagiwara, 8. & Watanabe, A. (1955). J. Physiol. 129, 513. 

Hill, A. V. & Macpherson, L. (1954). Proc, Roy. Soc. B, 148, 81. 

Kahn, A; J; & Sandow, A: (1950). Science, 112, 647. 

Kate, B. (1942). J: Neurophysiol. 5, 169. 
Lammers, W. & Ritchie, J. M. (1955). J. Physiol. 129, 412. 


The effects of stimulation of the carotid body chemoreceptors on 
pulmonary vascular resistance in the dog. By I. pz Burcu Day 
and M. pe Buren Daty.* A.R.C. Institute of Animal Physvology, 
Babraham, Cambridge 


There is, as yet, no convincing evidence that the pulmonary vascular bed is 
under reflex control from the vasosensory zones of the carotid bifurcation and 
aortic arch. The present investigation was therefore undertaken to discover 
whether the lung blood vessels participate in reflexes elicited by stimulation 
of carotid body chemoreceptors. 

Dogs, anaesthetized with chloralose preceded by morphine hydrochloride, 
were ventilated artificially at constant peak inflationary pressure (Konzett & 
Réssler, 1940) with a Starling ‘Ideal’ pump. The chest was opened in the mid- 
sternal line. The carotid chemoreceptors were stimulated by changing the 
blood perfusing them from arterial to venous. For this purpose, both carotid 
bifurcation regions were isolated from the general circulation, save for the 
veins draining the carotid bodies which were left intact, and perfused with 
Dale-Schuster pumps via the common carotid arteries. Blood from the 
external carotid arteries was led through an adjustable resistance and then 
returned to the animal via the femoral vein. The inflow sides of the pumps 
were connected to the left and right auricles. Connexions were made in such 
a way that by turning a tap, either arterial or mixed venous blood could be 
passed through the chemoreceptors without causing any appreciable change 
in carotid sinus pressures. 

Changes in pulmonary vascular resistance were measured by a modification 
of the method described by I. de B. Daly & Duke (1948). The upper and 
cardiac lobes only of the left lung were perfused with mixed venous blood from 
the right auricle at constant blood volume inflow with a Dale-Schuster pump. 
Changes in inflow pressure were recorded. 


* Locke Research Fellow of the Royal Society. Present address Department of . 
University College London. 
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It was found that stimulation of the carotid bodies by venous blood causes 
bradycardia, no appreciable change in systemic pressure and a fall in pul- 
monary arterial perfusion pressure. This pulmonary vasodepressor response 
occurs independently of changes in tidal air volume, systemic (bronchial 
arterial) blood pressure and in left auricular pressure. Furthermore, it persists 
after upper thoracic sympathectomy, but is abolished by section of the 
cervical vagosympathetic nerves and by atropine. It is also abolished by 
section of the carotid sinus nerves. 

It is concluded that carotid chemoreceptor stimulation causes a reflex 
decrease in pulmonary arterial inflow resistance which is mediated by vagal 
cholinergic fibres. We are unable to say, however, whether this effect is due to 
dilatation of the pulmonary vascular bed proper, or is the result of reflex 
bronchial vasomotor activity. This bronchial vasomotor activity by causing 
changes in resistance of the bronchial arterioles or their communicating vessels 
between the bronchial and pulmonary vascular systems may give rise to 
passive effects on the pulmonary vessels (Berry & I. de B. Daly, 1931). 


REFERENCES 
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The superficial areas of the perikarya and dendrites of cortical 
neurones in the cat. By D. A. Suott. Department of Anatomy, 
University College London 

The adequate interpretation of the results of electro-physiological experiments 
on the central nervous system frequently requires knowledge of the surface 
areas and spatial extent of neurones. A number (50) of neurones in the 
cerebral cortex of the cat have been measured and examples of the surface 
areas of the perikarya and dendrites will be discussed. Typical examples of the 
measurements for small, medium and large pyramidal neurones in the cat 
sensorimotor cortex are: 


Total surface 
Volume of _ . Surface of Surface of of neurone 
on excl 
700 490 15,860 16,350 
1,280 810 14,050 14,860 
11,490 3,150 38,160 41,310 


Information concerning the relative depths of the neurones, the numbers of 
their dendritic branches and the extent of their dendritic fields will also be 
_ presented. 
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Effects of K and Cl on the membrane potential of isolated muscle 
fibres. By A. L. Hopexin and P. Horowicz.* Physiological Laboratory, 
University of Cambridge 

The results described here were obtained by measuring the effect of sudden 

changes in [K], or [Cl], on the membrane potential of isolated fibres from the 

frog’s semitendinosus muscle. 

With Cl-free sulphate solutions (Na,80,+K,S0,=40 mm, 8 mm-CaSO,, 
1-08 mm-Na,HPO,, 0-42 mm-NaH,PO,, 113 mM-sucrose) the membrane 
potential depends on [K], but is independent of the previous history of the 
fibre. Thus the internal potential (V) with 10 mm-K is about —65 mV whether 
this point is approached from 2-5 mm-K (V=—94 mV) or from 80 mmu-K 
(V=—15 mV). Depolarizations are more rapid than repolarizations but both 
are practically complete in 3-30 sec and there is little ‘hysteresis’. Similar 
behaviour is found if [K], and [Cl], are varied simultaneously keeping the 
[K], [Cl], product constant. However, if [K], is varied at constant [Cl],, the 
picture is entirely different. In this case, increases in [K], cause an immediate 
depolarization, but there is only a slight repolarization when [K], is re- 
duced below the level at which the fibre has equilibrated. Thus a fibre which 
has been equilibrated with 2-5 mm-K, 120 mm-Cl depolarizes from —94 mV 
to —74 mV when [K], is increased to 10 mm, but if equilibrated in 10 mu-K, 
120 ma-Cl the instantaneous repolarization on restoring 2-5 mm-K is only 
1 or 2mV (e.g. from —65 mV to —67 mV) and it takes an hour or more to 
restore the original resting potential. From the work of Boyle & Conway 
(1941) it seems probable that fibres equilibrated in solutions of high [K], [Cl] 
product gain KCl and that the membrane potential is held near the equilibrium 
potential of the chloride ion. In order to explain the marked difference 
between the instantaneous effects of raising or lowering K at constant Cl, one 
must assume that in muscle the potassium concentration cell can pass large 
inward currents but only very limited outward currents (for electrical evidence 
of this see Katz, 1949). 

A striking example of the way in which the chloride ion may temporarily 
dominate the membrane potential is provided by experiments in which fibres 
were loaded with Cl by equilibration in solutions containing 95 mu-K, 
213 mm-Cl. In this case the internal potential is about —20 mV and is 
insensitive to a reduction of [K],. However, if [Cl], is reduced from 213 to 
30 mm, V changes from —20 mV to +27 mV and on reducing [CI], to 3-6 mm 
the inside of the fibre becomes.60-70 mV positive to the outside; these changes 
are rapid and reversible. If theYibre is left for 2 hr in the 95 mm-K, 3-6 ma-Cl 
solution the internal potential gradually returns to —20 mV as KCI diffuses 
from the fibre. At the end of this time the fibre again repolarizes to —90 mV 
when 2-5 mmu-K, 120 mm-Cl is restored. 

* National Research Council Fellow . 
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_ Gastric acid secretion in response to single short term intravenous 


injections of histamine in the dog. By B. Scuorretp. Department 

of Physiology, Medical School, King’s College, Newcastle wpon Tyne 
Since the work of Ivy & Javois (1925) it has generally been believed that 
intravenous histamine will stimulate gastric secretion in the dog only when 
injected continuously at a low rate. Lim (1922) reported small increases in 
secretion in acute experiments in cats with single 1.v. injections of 1-3 yg 
histamine acid phosphate, but in these experiments volume changes only were 
recorded by means of a drop recorder and the results are inconclusive. Recently, 
Ghosh & Schild (1955) have shown that single intravenous doses of 100 yg 
histamine produced a fall in pH in the stomach of the anaesthetized rat per- 
fused with n/4000 NaOH. 

The present experiments have been carried out on unanaesthetized dogs 
with Heidenhain-type gastric pouches. The method previously described by 
Burstall & Schofield (1953) for the detection of small increases in acid gastric 
secretion was employed. A preliminary dose of an anti-histamine (mepyr- 
amine maleate) 2-5 mg/kg was injected into the cephalic vein. Through the 
needle used for this injection a fine nylon tube was passed 10-15 cm into the 
vein and the needle removed. Half to one hour later 1-5 mg histamine acid 
phosphate in 2-5 ml. saline was injected via the tube in 30 sec. This procedure 
prevented any leak of the histamine solution into the subcutaneous tissue. 

Seven experiments have been carried out on two dogs. In each case an 
acid response was produced. The amounts secreted ranged from 0-08 to 
0-55 m-equiv HCl (mean 0-24+0-05 m-equiv) and the duration of the 
responses varied from half to one and a half hours. 
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A mass spectrometer for rapid and continuous gas analysis in 
respiratory investigations. By K. T. Fowier and R. A. Hyman. 
Post-Graduate Medical School of London, Ducane Road, London, W.12 


A small part (~10 ml./min) of the respiratory gas flow is drawn through 
a length of fine hypodermic tubing from the side of the subject’s mouthpiece, 
or, with the aid of a bronchoscope, from within the lungs. The sample flow 
is continuously pumped past the inlet of a mass spectrometer of compact 
design, which analyses the gas according to molecular weight. The analysis 
is repeated twenty-five times a second and the result presented on an oscillo- 
scope as a mass spectrum (Fig. 1). The partial pressures of the several con- 
stituents of the gas are shown by the heights of the associated peaks. Four 


N, A 


Fig. 1. Mass spectrum seen on oscilloscope on expiration of a subject breathing air. 
S,, ete., are bright spots indicating selector positions. 


electronic ‘selector’ units are provided, each of which automatically measures 
the height of a chosen peak. The results are presented as meter deflexions and 
as continuous traces (Fig. 2) on a four-channel direct-writing recorder. The 
molecular weight chosen by each selector may be varied at will and is indicated 
on the oscilloscope by a bright spot (Fig. 1). 
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The gases so far used in respiratory work are nitrogen (28), oxygen (32), 
argon (40) and carbon dioxide (44). Neon (20) may also be used, and methods 
are being developed for recording nitrous oxide (44), carbon monoxide (28) 
and krypton (84) under limited conditions. The spectrometer will not analyse 
for helium or hydrocarbons, and cannot be used regularly to analyse gases 
containing organic vapours. 


Fig. 2. A tracing of expirate volume and three gas concentrations. The subject, originally 
breathing air, has taken one breath of an oxygen-argon blend and exhaled as far as possible. 
Paper speed was one major division per second. 


The ability of the instrument to follow fast changes of partial pressure at 
the inlet is limited by the discontinuous nature of the analysis and by the 
conditions of gas flow in the sample tube and the spectrometer. Following an 
abrupt change in gas composition the pen deflexion is 90% complete in the 
period required for one analysis, that is »,th of a second. At full sensitivity 
a component having a partial pressure of 3% of the total will cause full-scale 
deflexion of a recorder stylus. With a suitable calibrating procedure the attain- 
able accuracy is + 2%; incremental changes of 1° may be measured. 
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This machine, and an earlier development model, have been used for studies 
of ventilation and blood flow in the lungs, and for preliminary work on regional 
sampting in the bronchial tree during diagnostic bronchoscopy. 


This work has been carried out with the aid of a grant from the Medical Research Council. 


A pendulum auxotonic lever. By W. D. M. Paton. Department of 


Pharmacology, Royal College of Surgeons Examination Hall, Queen Square, 
London, W.C.1 


For recording movements of isolated organs in vitro, attempts are usually 
made to obtain a lever as light and as nearly isotonic as possible. Although 
this is generally desirable, in order to obtain the highest sensitivity of the 
preparation, the lack, with isotonic levers, of a restoring force is sometimes 
inconvenient, particularly by allowing an irregular base line, or by permitting 
contractions too large to be recorded. A lightly loaded isotonic lever may also 
give a misleading idea of the conditions required to produce a maximal con- 
traction, since it determines only the conditions needed to produce complete 
shortening against a slight load. 

A number of spring-loaded levers have been described, some with springs 
strong enough to make the keyer approximately isometric. With lighter springs, 
the lever termed ‘auxotonic’ (von Frey, 1908) is obtained, in which the load 
on the muscle increases as it shortens. When the slope of the line relating the 
load of deflexion is low enough, the lever becomes virtually isotonic. A simpler 
way, however, of achieving an auxotonic lever is simply to attach a pendulum 
and bob to the lever. Provided the deflexion of the lever does not exceed about 
20° the increase of load with deflexion of the lever is sensibly linear. The main 
disadvantage incurred is that of increasing the moment of inertia of the lever 
so that it becomes useless for fast contractions. Such a lever is particularly 
easily made with C. F. Palmer’s Frontal lever made with perforated aluminium 
strip. A second strip is mounted downwards at right angles to the main lever 
and is bent at a convenient distance from the fulcrum to make a small support 
to which weights may be attached. 

The characteristics of such a lever are as follows: | 

(1) It is self-centring and, for a given weight and pendulum length, the 
load is permanently calibrated in g/cm deflexion on the drum. For a lever 
length | em from pivot to writing point, with muscle attached m cm from the 
pivot, and a pendulum weight w g whose centre of gravity is p cm from the 
pivot, the load is wp/lm g/cm deflexion, for small angles. 

(2) The loading can be easily changed by changing the weight or changing 
the distance from the fulcrum, and a variety of loads can be rapidly inter- 
changed, 
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(3) The increase of restoring force with increase in deflexion makes it easier 
to arrange a preparation so that it both responds to small doses of a drug, and 
yet the deflexion with maximal doses is not off the drum. 

(4) The restoring force helps to pull out the muscle when a stimulating drug 
is removed, and abbreviates the time required in restoration of a control 
base line. 

(5) The lever can easily be arranged so that the early part of the contraction 
is unloaded, but once a given degree of shortening has occurred, an increasing 
load is then incurred. 

In general, the lever is not suited to obtaining large deflexions to very small 
doses of drugs, although if there is a reserve of sensitivity with an assay tissue, 
it is then easier to produce regular results. The lever has proved very con- 
venient for studying the extensibility of tissues under the action of drugs. 


I am indebted to Professor A. V. Hill for drawing my attention to the early work on the auxo- 
tonic lever. 
REFERENCE 
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Electromyographic studies of the masticatory muscles in man. 


By B. E. Greenriztp. Department of Physiology, Royal College of 
Surgeons, London, W.C.2 


The demonstration shows the activity of the temporal and masseter muscles 
in human subjects. Electromyographic recordings demonstrate the variations 
in reflex co-ordination of these muscles when biting in cases of abnormalities 
of the jaws. 

Particular emphasis is laid on the difference in activity of lower anterior 
and upper posterior parts of the masseter muscle, depending on the antero- 
posterior position of the mandible with reference to the maxilla. 

The importance of bilateral recordings in assessing the centric position of 
the mandible when biting, is shown. 

A comparison of the time of onset of the activity of the two posterior 


temporal muscles demonstrates the centric or eccentric position of the mandible 
when biting. 


Effect of irradiation on wound healing. By H. A. 8. van pen BRENK, 
D. Stome and J. B. Waurer. Physiology and Pathology Departments, 
Royal College of Surgeons, London, W.C.2 

Methods of studying three aspects of normal wound healing are demonstrated : 

(1) vascularization and growth of granulation tissue in modified Sandison- 
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Clarke chambers inserted into rabbit ears; (2) rate of epithelial regeneration; 
and (3) approximation of wound edges by ‘contraction’. 

Effect of irradiation and of cysteamine salicylate on the rate of progress of 
these restorative growth processes in wound healing is shown. 


Autonomic regulation of the blood vessels of the nasal mucous 
membrane. By K. G. Matocomson and D. Stome. Department of 


Physiology, Royal College of Surgeons, London, W.C.2 


Variations in the degree of congestion of the nasal mucosa are followed by 
recording with a water manometer the pressure changes at the nostril when 
a constant volume of air is pumped 15-20 times a minute through a cannula 
inserted into the nose of the anaesthetized cat. The magnitude of the rise of 
pressure with each stroke of the pump reflects the resistance to air flow in the 
nasal chamber. Nasal vasodilation increasing the resistance in the nose pro- 
duces a greater excursion of the manometer and conversely vasoconstriction 
produces a diminished rise of pressure. A small atomizer connected to a side 
limb of the nasal cannula is used for intranasal insufflation of drugs. 

Stimulation of the cervical sympathetic causes a rapid and intense vaso- 
constriction which is abolished by blocking the superior cervical ganglion and 
this vasoconstrictor effect is almost completely prevented in the cat by 
excision of the sphenopalatine ganglion. Stimulation of the preganglionic 
parasympathetic innervation in the facial nerve or the greater superficial 
petrosal nerve elicits a vasodilator response. Stimulation of the nerve of the 
pterygoid canal (vidian nerve) produces a diphasic response. Weak stimulation 
causes vasodilatation while increased strength of stimulation results in vaso- 
constriction and decreased nasal resistance. 


Analysis of the cortical control of movement by automatically 
controlled cortical stimulation. By B. D. Wyxr. Department of 


Physiology, Royal College of Surgeons, London, W.C.2 


Monopolar stimulation of multiple foci on the surface of the exposed cerebral 
cortex of cats and monkeys is performed at a variety of stimulus parameters. 
Each focus in turn is exposed to the same pattern of stimulus parameters, 
delivered repetitively from a stimulus generator providing independent control 
of voltage, pulse duration and repetition frequency; or to single rectangular 
pulses of controlled duration and voltage. 

The animals are anaesthetized with intravenous pentobarbitone or thio- 
pentone, the depth of anaesthesia being controlled throughout the experiment 
by continuous electrographic monitoring of cerebral electrical activity. 
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Electrical exploration of each cortical focus is performed at several levels of 
anaesthesia. 

Responses are determined by measuring the increase or decrease in tension 
in each of a number of muscles acting over a selected joint, using individual 
pre-calibrated tension myographs. 

The entire experiment is conducted automatically with a timing device 
which regulates the duration of the stimulator discharge to the brain, the 
intervals between successive stimulations, and the operations of the recording 
kymograph and associated signal and time markers. 

Results of significance for the interpretation of the cortical control of 
movement, both of contralateral and ipsilateral muscles, are displayed, 
together with the apparatus. 


An apparatus for the microphotometry of Feulgen-stained material. 
By G. Causry and C. J. Srratmann. Department of Anatomy, Royal 
College of Surgeons, London, W.C. 2 


Electron micrographs of the synaptic areas in the superior cervical 


ganglion. By A. A. Barton. Department of Anatomy, Royal College 
of Surgeons, London, W.C.2 


The structure of synaptic areas in the superior cervical ganglion of the normal 
rabbit has been examined. The effects of dividing the pre- and postganglionic 
fibres of the ganglion, and dividing the pre- and postganglionic fibres, within 
a short space of time of one another, are considered. 

The axo-somatic synapse has the appearance which has been described by 
Causey & Hoffman (1956). A further study indicates that the pre-synaptic 
terminals are probably derived from different cell types and form dendro- 
dendritic and axo-dendritic synapses by association within a common sheath 
of Schwann cells. This becomes wrapped around the neurone forming the 
capsule and the fibres associate with the neurone cell wall forming the axo- 
somatic synapse. At the point of most intimate contact a distance of 200 A 
units separates them from the neurone cytoplasm. This is composed of the 
double cell-wall layers of both satellite cell and neurone. 

When 1 cm of the preganglionic trunk is excised low in the neck then the 
cytoplasm of the distal end survives for 3 days, but eventually dies. At 
14 days after section well-formed synaptic areas are conspicuous by their 


absence, but individual fibres survive which Per represent inter-neuronal 
dendrites. 
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The bundles of small fibres between the cells are striking in that they do not 
diminish after preganglionic section, but possibly increase in number. They 
presumably form the associations between individual neurones and axons. 
28 days after section the neuronal capsule has peeled off, leaving the neurone 
naked. 

After postganglionic section a considerable number of sprouts appear in the 
inter-neural space and Schwann cells may be seen in all degrees of association 
with them. Satellite cells become involved in this process, emphasizing once 
more the close similarity between satellite and Schwann cells. 

If after postganglionic section the preganglionic trunk is excised, no altera- 
tion in the number of sprouts is seen, some satellite cells separate from the 
neurone and other cells remain attached, associating with the inter-neuronal 
sprouts. 

REFERENCE 
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Oestrogen excretion after endocrine ablation. By F. C. Greznwoop 
and R. D. Butsroox. Imperial Cancer Research Fund Laboratories, 
Royal College of Surgeons, London, W.C.2 

In previous communications we have reported the occurrence of oestrogen in 

the urine of women with metastatic breast cancer at various times after 

oophorectomy, adrenalectomy, or hypophysectomy. The number of patients 
studied was small, but more cases have since been examined and the demon- 
stration shows all the results to date. 

The extended series confirms the initial observations that oestrogen 
excretion contiziues after oophorectomy, although the initial response to 
operation may be very variable. After adrenalectomy or hypophysectomy 
over half of the patients studied continued to excrete oestrogen. 

A similar series of hormone assays during normal menstrual cycles is shown 


for comparison. 


A method for the assay of 5-hydroxytryptamine in concentrations 
down to 10-", using an isolated strip of longitudinal muscle 
from the fundus of a rat’s stomach. By J. R. Vane. Department 


of Pharmacology, Royal College of Surgeons, London, W.C.1 
Bone grafts in the dog. By J. Cuatmers and H.’A. Sissons 


A tonometer for the continuous recording of intraocular pressure. 
By D. Maonice 
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Response of the cerebral cortex to stimulation of a point in the 
opposite hemisphere. By Brrnice Grarsrern. Department of 
Anatomy, University College London 

The intact unanuesthetized cerebral cortex is in a state of continuous electrical 
activity, but it is possible to abolish this ‘spontaneous’ activity in a portion 
of the cortex by cutting all the neuronal connexions between that region and 
the rest of the nervous system (Burns, 1951). A modification of this technique 
of cortical isolation has been used to obtain a preparation in which may be 
studied the electrical activity produced in the resting unanaesthetized cortex 
by the arrival of a volley of afferent impulses. 

Cats which had undergone a high mid brain section under ether anaesthesia 
and which had then been taken off anaesthetic were used. Most of the 
connexions between the cortex and the lower brain centres were severed by 
subpial cuts made on each side from the lateral ventricle to the lateral surface 
of the hemisphere, and the ‘spontaneous’ cortical activity then became inter- 
mittent. During the resting intervals, a cortical response was produced in one 
hemisphere by electrically stimulating the corresponding point on the opposite 
side. This evoked activity is mediated by fibres passing through the corpus 
callosum. In the anterior portion of the suprasylvian gyrus, in which most of 
the experiments were performed, a weak contralateral stimulus produces a 
local biphasic response, lasting about 50 msec, during which the surface of the 
cortex becomes first positive then negative with respect to an indifferent point. 
When the stimulus strength is increased to about twice threshold, the local 
response is followed by a spreading burst of activity, lasting 1-2 sec, identical 
with the burst response produced by direct electrical stimulation of a com- 
pletely isolated slab of cortex. 

It seems unlikely that the three components of the evoked response—the 
local positive phase, the local negative phase and the spreading burst—repre- 
sent a sequence of activity produced by a single callosal afferent system. They 
are affected differentially by superficial anaesthesia of the stimulated point, 
by varying the depth of the stimulating electrodes and by varying the interval 
between two consecutive stimuli. These results are most easily explained by 
postulating the presence of more than one set of callosal fibres. 


REFERENCE 
Burns, B. D. (1951). J. Physiol. 112, 156. 


The mechanical behaviour of Pacinian corpuscles. By S.J. Husparp. 
Department of Physiology, University College London, W.C.1 

A greater knowledge of the mechanical events taking place i in the immediate 

neighbourhood of the sensitive elements of receptors is required if receptor 

potentials are to be related quantitatively to their stimuli. Pacinian corpuscles 
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were investigated; the method (Hubbard, 1956) consisted of compressing 
a corpuscle, linearly with respect to time, in a hinged glass cell. The movement 
of the cell was recorded. Single flash (2 usec) photomicrographs were taken at 
various times during the compression and at t=0o with different degrees of 
compression. 

In each experiment the mean velocity, the total amount of the compression 
and the radial displacement of the laminae of the corpuscle were measured. 
With compressions no larger than 15% of the minor axis of the corpuscle and 
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Fig. 1. Displacements of laminae at three positions (see inset), Left, as recorded. Right, calcu- 
lated ‘dynamic component’. Abscissa: msec. Ordinate: displacement in p; note, the starting 
levels have been shifted for clarity. Compression began at t=0. 


velocities of 5-35,./msec the results showed that displacements of laminae 
were great during an increase in compression but then fell to a steady level 
(Fig. 1a). This maintained component diminished towards the centre of the 
corpuscle and was absent in the central core. It was possible to calculate the 
time course of the displacement of any lamina that would occur if the system 
itself were independent of time. Subtraction of this value from the total dis- 
placement left a ‘dynamic component’ which was virtually constant at all 
positions (Fig. 1b). Neither change of length nor bending of the axon could be 
detected 


The results can account for a number of properties of the Pacinian corpuscle. 
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The presence of a double array of myofilaments in certain 
invertebrate smooth muscles. By Jzan Hanson and J. Lowy. 
Medical Research Council Biophysics Research Unit and Wheatstone 
Physics Laboratory, King’s College, London 

A recent theory of the mechanism of contraction (Huxley & Hanson, 1954; 
Huxley & Niedergerke, 1954; Hanson & Huxley, 1955) is based on the presence 
of two kinds of filaments in cross-striated muscle (Huxley, 1953, 1957). In 
each sarcomere there is a single set of thick (myosin) filaments, defining the 
A band, and two sets of thinner (actin) filaments extending from the Z lines, 
through the I bands, and into the A band as far as the borders of the H zone. 
Contraction in this structure is attributed to a sliding mechanism by which 
myosin and actin filaments move relative to each other and neither of them 
necessarily shortens. The question naturally arises whether or not this sort of 
mechanism is present in muscles which lack A and I bands. Examination by 
electron microscopy of certain smooth muscles from the squid (Lolsgo forbes:) 
and the snail (Helix pomatia) has shown that they also have two kinds of 
filaments. 

In the funnel retractor of the squid each myofibril is composed throughout 
its length of longitudinal filaments of two different thicknesses. The thicker 
filaments are angular in cross-section, 100-140 A thick, and lie about 350 A 
apart in a hexagonal array. Enclosed within this lattice are thin filaments 
(about 50 A across) which are more numerous than in cross-striated muscle; 
it is not yet certain if their arrangement is strictly regular. The two kinds of 
filaments are linked by transverse bridges. Thus, in its main features, the 
double array of filaments in these myofibrils resembles that in the A bands of 

cross-striated muscle; but, instead of being confined to certain bands, it is 
present along the whole length of the structure. 

A double array of filaments has also been found throughout the length of 
the fibres in the pharynx retractor of the snail. 

The presence of a double array of cross-linked filaments suggests that con- 
traction in these two smooth muscles is accomplished by a sliding mechanism. 
Such a mechanism requires that the filaments be discontinuous along the 
length of the structure. This has not yet been demonstrated for the squid and 
snail muscles, but the results of low-angle X-ray diffraction studies on a similar 
molluscan smooth muscle (Selby & Bear, 1956) are more consistent with the 
hypothesis that the filaments are discontinuous and slide past each other than 
with the hypothesis that they are continuous and shorten. 
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We conclude from the available evidence that contraction in the smooth 
retractor muscles of Loligo and Heliz is probably accomplished by the same 
mechanism as that proposed for cross-striated muscles. 
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Sweat gland activity, bradykinin formation and -vasodilatation 
in human forearm skin. By R. H. Fox and 8. M. Hizron. National 
Institute for Medical Research, Mill Hill, London, N.W.7 

In previous experiments, bradykinin-forming enzyme was found to be present 
in sweat from human eccrine glands, and it was therefore suggested that 
bradykinin-formation contributes to the vasodilatation which occurs on 
indirect heating (Fox & Hilton, 1956). Accordingly, direct evidence has been 
sought for the formation of bradykinin in human forearm skin when vasodilata- 
tion and sweating occur. 

For this purpose, sterile saline was infused under the skin through a needle 
whose shaft lay in the subcutaneous tissue. The shaft had been drilled at 
- intervals to enable fluid to pass out along its whole length. Fluid was with- 
drawn under a small negative pressure through a second, similar needle 
1-5-2 cm from the first and parallel with it, but inserted from the opposite 
direction. Initially, a small depot of saline was produced in the skin and, to 
facilitate the passage of fluid across it, intermittent pressure was applied to the 
raised area of skin by an automatic kneader. All apparatus in contact with 
the fluid was siliconed. 

The fluid obtained from the skin depot was usually clear. An estimate of its 
protein and peptide content was kindly made by Dr J. L. Simkin using the 
method of Lowry, Rosebrough, Farr & Randall (1951) which gives a measure 
of free and peptide tyrosine. This content corresponded to that of a 1-2% 
dilution of plasma. When tested on the isolated rat uterus, the fluid was found 
to have a small amount of bradykinin-like activity. When the subject was kept 
cool, the protein content and bradykinin-like activity of successive samples 
remained relatively steady. However, on indirect heating the bradykinin-like 
activity increased three to fivefold, without any rise in the protein and peptide 
content. The increase in bradykinin began with the onset of vasodilatation, 
even when the subject had not yet begun to sweat. 

Since plasma itself develops bradykinin-like activity on dilution with saline 
(Schachter, 1956) a 1-2% dilution of fresh human plasma was tested on the 
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rat uterus. It had approximately the same activity as that of the fluid obtained 
before the subject was heated. Incubation of the diluted plasma at 36° C did 
not increase the activity, this temperature being above that reached by the 
skin on indirect heating. Therefore, whereas the activity of the fluid obtained 
before heating the subject could be accounted for by plasma protein dilution, 
the increased activity found on indirect heating must be explained differently. 
It results most probably from the bradykinin-forming enzyme produced by 
the sweat glands. 

When plasma was incubated at temperatures of 40-45° C, some bradykinin- 
like activity developed. It is therefore possible that the bradykinin-forming 
system of the plasma itself contributes to the production of vasodilatation 
when the local skin temperature is raised to these high levels. 


REFERENCES 
Fox, R. H. & Hilton, 8. M. (1956). J. Physiol. 133, 68-69 P. 


Lowry, 0. H., Rosebrough, N. J., Farr, A. L. & Randall, R. J. (1951). J. biol. Chem. 198, 265-275. 
Schachter, M. (1956). Brit. J. Pharmacol. 11, 111-118. 


Effect of vapour pressure on the passage of water across the 
skin. By P. 8. B. Newiine*. Department of Physiology, University of 
Malaya, Singapore 

Whitehouse, Hancock & Haldane (1932) and Brebner, Kerslake & Waddell 

(1956) have shown that a decrease in the vapour pressure gradient across the 

skin is accompanied by a decrease in the total loss of water by insensible 

perspiration, but it is not clear whether the water thus retained by the body 
remains in the general circulation or is taken up by the epidermis. Experi- 
ments have now been conducted to investigate this point. 

The volume of the right index finger (mean skin temperature 31-5° C) of five 
subjects was measured after being exposed to an ambient vapour pressure of 
24mm Hg. Immediately after such initial measurements the right hands of 
the subjects were immersed in random order and on different days for 1 hr, 
either in distilled water at 31-5° C, whilst wearing loosely fitting rubber gloves, 
or without gloves in five different baths at 31-5° C ranging from a saturated 
solution of sodium chloride to distilled water and having vapour pressures of 
26-0, 28-4, 30-6, 32-6, or 34-3 mm Hg. At the end of these immersions the 
volumes of the fingers were again measured. 

After all immersions of the hand there was an increase in the volume of the 
finger. The percentage increase of the finger volume was significantly correlated 
with the vapour pressure of the bath in which it had been immersed (P < 0-01). 
The mean increase was 4-7 °/, when bare hands were immersed in distilled water 


* Member of the scientific staff of the Medical Research Council. Present address: Department 
of Physiology, The London Hospital Medical College, Turner Street, E. 1. 
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and 4-6°% when gloves were worn, and the latter could not have been due to 
direct imbibition from the bath but only to a decrease in the vapour pressure 
gradient across the skin. Moreover, as all observed increases of the finger 
volume were confined to the immersed hand, it seemed probable that they 
were not due to intravascular changes, but that water was retained in the 
epidermis when it was exposed to increased vapour pressures. 
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Hyperaemia following sustained contraction at different tempera- 
tures. By R. 8. J. Cuarxe, R. F. Hetiton and A. R. Linn. Medical 
Research Council Unit for Research on Climate and Working Efficiency, 
Department of Human Anatomy, University of Oxford 

It has been shown (Clarke, Hellon & Lind, 1957) that the duration of a sub- 

_ maximal contraction in the forearm sustained to fatigue varies with tempera- 

ture, the bath temperature associated with the longest duration being about 

18° C, and a decrease in duration occurring at higher and lower temperatures. 

Blood flow has been measured by the strain gauge plethysmograph at bath 
temperatures of 2, 10, 14, 18, 26, 34 and 42° C and the post-exercise hyperaemia 
has been calculated as the difference between the blood flow before and after 
the contraction. A direct relationship is found between the extent of the post- 
exercise hyperaemia and the duration of contraction, which is independent of 
temperature between 2 and 26°C. At 34 and 42°C, however, the blood flow 
for a given duration of contraction is much greater than at lower temperatures. 

These results suggest a different explanation for the early onset of fatigue 
at high and low temperatures. At higher temperatures it may be related to 
the larger blood flow debt incurred, whereas at lower temperatures the cold 
may be causing some impediment to the transmission of nerve impulses to or 


within the muscle fibres. 
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Some observations on the effects of stimulating the stretch 
receptors in the carotid artery of man. By J. Exnstine and 
D.J. Parry. Royal Air Force Institute of Aviation Medicine, Farnborough, 
Hants 


Experiments have been performed in which the carotid arterial stretch 
receptors of man have been stimulated by enclosing the neck in a Perspex box, 
the pressure in which was maintained at various subatmospheric levels. The 
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effects of pressure reductions in the box of up to 80 mm Hg on the heart rate, 
arterial blood pressure, peripheral blood flow, central venous pressure and 
cardiac output have been studied. 

Reduction of the pressure around the neck caused a decrease in the heart 
rate and a fall in the arterial blood pressure. The bradycardia was transitory, 
its duration and degree being closely related to the magnitude of the pressure 
reduction. A lengthening of P-R interval was associated with the onset of the 
bradycardia. The bradycardia induced by the procedure was abolished by the 
intravenous injection of 2-0 mg atropine sulphate, but this had no effect on 
the fall in arterial blood pressure. 

The arterial blood pressure fell rapidly following a stimulation of the stretch 
receptors and then partially recovered in the following 10-15 sec, though it 
did not return to its resting value until the pressure around the neck had 
returned to ambient.. There was a close linear relationship between the 
magnitude of the pressure reduction around the neck and the fall in arterial 
blood pressure, both for the maximum and sustained falls. 

Reduction of pressure around the neck caused a decrease in blood flow in 
the forearm, hand and calf, using the technique of venous occlusion water 
plethysmography. 

The cardiac output measured on two occasions by the direct Fick method 
showed no significant difference between the resting value and that obtained 
when the pressure around the neck was reduced, although the central venous 
pressure was found to be lowered by 1-3 mm water during the period of 
stimulation. 

Stimulation of the carotid arterial stretch receptors, which include the 
carotid sinus, causes a transitory bradycardia and a sustained fall in arterial 
blood pressure. As the cardiac output is maintained the decrease in blood flow 
in the forearm, hand and calf is probably a simple mechanical effect. 

Vasodilatation in the splanchnic area is the probable primary cause of the 
fall in arterial blood pressure. 


An excitatory action of the vagus on rabbit atria. By J. H. Burn 
and M. J. Ranp. Department of Pharmacology, University of Oxford 


A preparation of the isolated atria of the rabbit heart with both vagus nerves 
was described by McEwen (1956). Marshall & Vaughan Williams (1956) have 
shown that isolated atria could be cooled to a point at which the mechanical 
response ceased and at which the only electrical changes detectable were small 
nonpropagated potentials near the pacemaker. The addition of acetylcholine 


converted these to full-scale propagated potentials accompanied by a 
mechanical response. 
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We have studied the effect of cooling on McEwen’s preparation. At a 
temperature which may vary from 16 to 21° C according to the preparation, 
the atria do not contract, but when the vagi are stimulated for 30-60 sec, 
contractions occur. In some preparations these contractions cease when the 
stimulation stops. In other preparations the contractions, when once started, 
continue. If, then, after a few minutes the vagi are stimulated again the 
contractions stop. After a further interval the vagi when stimulated cause the 
contractions to start again, and so on. Thus vagal stimulation exerts an 
excitatory effect when the atria are not contracting, but exerts an inhibitory 
effect when they are contracting. Both the excitatory and the inhibitory 
effects of vagus stimulation are abolished by atropine (10-’ g/ml.). These 
findings may be interpreted in part by the observations of Biilbring & Burn 
(1949) on the relation between the choline-acetylase activity and contractions 
of the atria, and on the parallelism between the effect of acetylcholine on 
choline-acetylase activity and on contractions. 

That the vagus can exert on a tissue either an excitatory or an inhibitory 
effect according to the activity in the tissue is an observation of interest for 
the understanding of the difference between excitation and inhibition. 
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Safe decompression procedure. By W. E. Crocker and H. V. 
Hempieman. Royal Naval Physiological Laboratory, Alverstoke, Hants 


To calculate reliable decompression tables for divers, certain basic data about 
inert gas exchange in the tissues, and factors causing bubble formation, are 
essential. These data have to be obtained by indirect methods. Bubble forma- 
tion in vitro and in vivo appear to be quite different phenomena (Harvey, 1944), 
and although much is known about inert gas exchange in large masses of well- 
vascularized tissue (Jones, 1950) little is known about exchange in tissues such 
as cartilage or tendons. As the pain of ‘bends’ is always in the region of a 
joint it is considered highly probable that only one type of tissue is involved 
and that this tissue is very poorly supplied with blood as well as possessing 
a very low diffusion constant for gases. The physical equivalent situation is 
taken to be that of a slab of tissue in contact on one of its faces with a layer 
of blood. The blood is assumed to follow instantaneously any changes in 
alveolar inert gas pressure. 

The boundary conditions are that at time zero an inert gas pressure P is 
suddenly applied via the blood stream and at time infinity the tissue is fully 
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saturated. Thus there is obtained an equation in terms of the gas diffusion 
constant and the thickness of the slab which fully describes the percentage 
saturation at any time. This allows the quantity of inert gas dissolved in the 
bend-producing tissue to be estimated after a dive for ¢ min to a pressure P. 
For more complicated procedures, e.g. an exposure of ¢, min at P, followed by 
t, min at P,, manipulation of the mathematics involved becomes impracticable 
and resort is made to graphical solutions. To return safely to atmospheric 
pressure it is necessary to know also the property of the inert gas in the tissue 
which causes bubble formation and hence bends. 

It has been assumed (Rashbass, 1955) that if the excess pressure of dissolved 
gas over the total hydrostatic pressure on the tissue exceeds 30 ft. sea water 
then bubble formation and hence bends will occur. By using this assumption 
and knowing the quantity of nitrogen (from previous calculations) it is possible 
to work out safe diving schedules. These diving procedures have been tested 
at depths ranging from 40 ft. to the recent world record dive of 600 ft. and 
appear quite satisfactory. | 
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‘Off’ mechanisms and human visual acuity. By M. H. Prrenne, 

Laboratory of Physiology, University of Oxford 
Experiments on scotopic acuity made using a black LandoltC, leaving the eye 
free to move in a natural manner, suggest that the C is resolved as a result of 
the direct stimulation of the retina by the light flux originating from the 
white gap in the C (see Pirenne, Marriott & O’Doherty, 1957). But (a) over 
a wide acuity range the value of this flux when the position of the gap is just 
seen is of the order of the smallest flux detectable by the eye under the best 
conditions, whereas (6) the sensitivity of the eye to light stimuli is markedly 
depressed by the illuminated background, as shown by the following 
experiments. 

(i) The threshold for a steadily illuminated square test field whose sides 
subtended 18 min of arc at the eye was measured against a completely dark 
background. The eye was dark adapted. The liminal flux was 200 quanta/sec 
(Ilford filter 604). A 2 mm artificial pupil was used in this and the following 
experiments. 

(ii) This 18 min square test field constituted the gap in a Landolt C placed 
in the centre of a field subtending 32° at the eye. This 32° field was now lit— 
by a second lamp—with light of the same intensity as the 18 min field, thus 
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presenting a black C against a steadily illuminated field of uniform luminance. 
In agreement with (a) above, theC could then be distinguished, in about eight 
trials out of ten, from the black circle which was obtained at will by cutting off 
the light from the 18 min test field. 

(iii) The 32° field was extinguished and the threshold for the 18 min field, 
against a completely dark background, was measured using 0-0026 sec flashes. 
A fixation point was placed 10° laterally, an angle found suitable for seeing 
the illuminated field in (i) and the black C in (ii). The threshold was 75 quanta. 

(iv) Expt. (iii) was repeated using the same illuminated background as in 
(ii), the subject’s task now being to detect a flash of light illuminating the 
18 min field corresponding to the break in theC. In between flashes theC was 
thus replaced by a black ring presented against a steadily illuminated back- 
ground. The threshold value for the flash was 300-400 quanta, thus proving 
(b) above. 

A possible explanation would be that the flux from the gap in theC under 
the conditions of Expt. (ii) is too weak to stimulate ‘on’ mechanisms, and 
that perception of the black broken ring at threshold is therefore mediated 
through excitation of ‘off’ mechanisms which respond when, in a fixation 
pause, the dark retinal image falls upon their receptive fields (Pirenne, 1956). 


REFERENCEY 
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- Pitch dependence on intensity in unilateral deafness. By Priscitia 
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Resting potentials of muscle after prolonged anoxia. By R. Crzxse*, 
N. W. Scnoies and W. J. WHaten. Departments of Pharmacology and of 
Physiology, University of California at Los Angeles 

A synchronous motor was used to push a micro-electrode at a constant speed 

through a muscle mounted vertically in saline (composition, mm: Na+ 145, 

K+ 5-0, Ca*+ 1:2, Mg** 1-2, Cl- 137-5, HOO,~ 12-5, 1-2, and 

H,PO,- 1-2; glucose 1 mg/ml.), and the resting potentials of fibres which 

were encountered were registered by means of an amplifying pen recorder 

connected to a cathode follower input stage. It was found that when rat 
diaphragm muscle was exposed for 3 hr to a gas mixture containing oxygen 

30%, carbon dioxide 2%, nitrogen 68%, the cells in the outer layers of the 

* Present address: Department of Physiology, The London Hospital Medical College, Turner 

Street, E.1. 
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muscle showed normal potentials while, in the depths of the tissue, cell 
potentials were diminished or absent. Further reduction of oxygen (keeping 
the carbon dioxide constant at 2°) in general diminished the depth of muscle 
in which normal potentials were found, until with 1% oxygen only the outer 
one or two layers of fibres gave resting potentials. 

The relation between the external oxygen concentration and the depth of 
muscle to which potentials extended was studied in six diaphragms from rats 
of 150-250 g, and the results may be interpreted in terms of oxygen diffusion 
if certain assumptions are made. 

The oxygen consumption was 2-7 x 10-*c.c./c.c. wet tissue per min + 0-20 
x 10-* (s.2. of 12) during the first 30 min after the diaphragms had been 
placed in plastic chambers for manometric estimations (Whalen, 1956). The 
chambers were previously saturated with 98°, oxygen and 2%, carbon dioxide 
before runs, and the presence of diethanolamine maintained the concentration 
of carbon dioxide constant. A magnetic stirrer rotated inside the solution and 
caused sufficient turbulence and bubble formation to aerate the tissue. From 
these results a provisional figure for the Krogh diffusion coefficient of oxygen 
through mammalian muscle may be calculated, and the value is comparable 
with that obtained by extrapolation of direct measurements made on 
amphibian muscle at lower temperatures (Hill, 1928). 


Hill, A. V. (1928). Proc. Roy, Soc. B, 104, 39-06. 
Whalen, W. J, (1956). Amer. J. Physiol, 187, 640. 


Some observations on the Ferry-Porter Law. By R. A. WEALE. 
Visual Research Division, Medical Research Council Ophthalmological 
Research Unit, Institute of Ophthalmology, London, W.C.1 

Let it be assumed that the lowest frequency n, at which an intermittent source 

of light of variable stimulus rate appears continuous, varies, within limits, 

linearly with the logarithm of the quantity, Q, of light falling on the retina 
n=a log Q+5. (1) 

Let a and 6 be constants, and Q be measured in threshold units. In virtue of 

the retinal capacity for integration, 

Q=Ix (2) 
where J is the stimulus intensity, A the areal subtense of the stimulus, and 

p the index of summation, the time of exposure being constant. Hence 


n=a log I+ap log A+b. | (3) . 


This expression yields the Ferry—Porter Law (Ferry, 1892; Porter, 1902) and 
the Granit-Harper relation (1930) accordingly as A or I are constant. 
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In the present experiments, n was measured with a neon lamp, illuminating 
circular areas A of the central fovea ranging in angular diameter from 2-5 to 
40 min. The red test-stimulus (exposure time = 1-3 sec) was superimposed on 
a red adapting field, which could give a retinal illumination of either 9-1 or 
950 trolands. When the stimulus intensity J was kept constant, the data for 
n were found to be in approximate agreement with the Granit-Harper relation. 
But when the quantity of light Q was kept constant (the requisite differential 
thresholds having been previously determined) n was found to be independent 
of A, as would be expected if (1) is valid. 

Kugelmass & Landis (1955) measured m as a function of J and A for central 
areas of angular diameter as large as 14-6°. When allowance is made for the 
non-homogeneity of the retinal cone population (cf. Wald, 1949) by calculating 
from Osterberg’s values (1935) the approximate number of cones covered by 
the various fields used in these experiments, the Granit—Harper relation is 
found to be obeyed rigorously for fields of diameter up to 7-5°. Kugelmass & 
Landis also confirmed that the fusion frequency » increased, within limits, 
linearly with log J. This suggests that equation (1) is valid for retinal areas 
which can vary by a factor of over 30,000. 
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Additivity in the electroretinogram. By G.8. Brinpiey. Physiological 
Laboratory, University of Cambridge 
It was shown earlier (Brindley, 1956) that for fields of 0-5 mm? area and over, 
the e.r.g. of the opened excised frog’s eye on illuminating a region of retina is 
the sum of the responses obtained on illuminating the parts of that region 
separately. Technical improvements, especially the use of multiple fields, have 
made it possible to show that such additivity holds for fields as small as 
0-08 mm?*: there appears to be no physiological interaction between different 
parts of the retina in producing the e.r.g. In particular, the response for a 
given total area does not depend on the length of boundary between illuminated 
and unilluminated retina (compare records 5 and 6 in Fig. 16). This is con- 
sistent with the hypothesis that the e.r.g. arises wholly from rods and cones, 


and would not be expected if cells with lateral connexions contributed. 
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Fig. la. The test fields. Measured directly on the retina, their areas were: a, 0°58 mm’; 
B, 2-89 mm?*; y, 2-02 mm?; 8, 2-08 mm*. 


Fig. 1b. Responses to these fields, in the presence of a bright steady background field on a 
different part (except in record 4) of the retina. 1: Field «. 2: Field 8. 3: One of the three 
circles of field 8. 4: 8, placed to lie wholly within the background field, so that the response 
to the test image is suppressed. The complete absence of response shows that the scattered 
light from the background field suffices to abolish the response to scattered light from the test 
field. 5: y. 6: 8. Ag-AgCl electrodes, with pipette and porous earthenware connexions to 
vitreous and sclera, Area of background field 3-6 mm*. Intensity of background 490 lm/m’*, 


of test fields 42-6lm/m*. Beginning and end of the stimulus marked by downward and 


upward 
REFERENCE 
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The effect of raised intrapulmonary pressure upon the distensibility 
of the capacity vessels of the upper limb. By J. Erystivc. 
R.A.F, Institute of Aviation Medicine, Farnborough 


The relationship between the blood content and the venous pressure of a limb 
is determined by the distensibility of its capacity vessels. The blood content 
of the hand was increased by three different methods and the relationship 
between peripheral venous pressure (measured by an electromanometer) and 
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volume of the hand (measured by water plethysmography) determined. The 
peripheral venous pressure in the upper limb was raised by (1) local congestion 
by a cuff, (2) positive pressure breathing without trunk counterpressure, and ol 
(3) positive pressure breathing with trunk counterpressure. | 
| At any specific venous pressure the distension of the hand vessels produced 
by pressure breathing without trunk counterpressure amounted to about 75°, | 
| of the This tn the distenai- i 
bility of the hand vessels by pressure breathing was abolished both by trunk 
counterpressure and by a block of the nerves supplying the hand. ‘f 
Superficial venomotor activity in the forearm was studied by a closed ‘a 
segment technique developed from that described by Dunegan (1921). The | 
forearm veins constricted during pressure breathing and the constriction was 
abolished when trunk counterpressure was employed. “f 
The reduction in the distensibility of the capacity vessels of the hand and : 
forearm during pressure breathing is reflex in nature. Since it is prevented by yy 
trunk counterpressure which minimizes the lung distension normally associated | 
with pressure breathing it is probable that this reflex constriction is associated 
with lung distension. 
| REFERENCE ‘ 4 
| Donegan, J. F. (1921). J. Physiol. 55, 226. | 


Evidence in man for release of vasoconstrictor tone in muscle in 
response to stimulation of receptors in a low pressure area of - 
| the intrathoracic vascular bed. By I. C. Roppim, J. T. Saernerp a 
and R. F. Wueian. Department of Physiology, The Queen’s University a 
of Belfast 
Reflex vasodilatation occurs in skeletal muscle in response to shifting blood to 
the head end of the body by raising the legs of a recumbent subject (Roddie & 
Shepherd, 1956). Since inflation of a venous occlusion cuff round the neck at 
20-60 mm Hg pressure does not alter forearm blood flow it is concluded that 
the dilatation is not due to increased venous pressure in the head. During leg 
raising there is no constant relationship between the magnitude of the forearm 
vasodilatation and the changes in either mean arterial or pulse pressure. These 
findings suggest that the receptors concerned in the reflex lie in a low-pressure 
/ area of the thoracic vasculature. Since vasodilatation can occur when the 
central venous pressure is only slightly increased, it is likely that the receptors 
do not need large changes in venous pressure to activate them. 
The following experiments provide evidence that the dilatation is due to 
release of vasoconstrictor tone. 
E (1) In three subjects, an infusion of atropine sulphate into the brachial 
] artery did not affect the response to leg raising, although it delayed the 
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forearm vasodilatation during body heating, presumably by blocking 
cholinergic fibres to the skin (Roddie, Shepherd & Whelan, 1956). 

(2) In six subjects the maximum forearm blood flow that could be obtained 
by leg raising approached but did not exceed the flow through the opposite 
forearm in which the deep nerves were blocked with local anaesthetic solution. 

(3) In one experiment the deep nerves to one forearm were blocked and the 
oxygen saturation of the deep venous blood, draining mainly muscle, of the 
two forearms was compared. When the legs were raised the oxygen saturation 
of the blood from the intact forearm approached but did not exceed that from 
the nerve-blocked forearm. 
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J 
Evidence that increased peripheral resistance in the limbs plays 
no part in the pressor response to common carotid artery 
compression in man. By I. C. Roppie and J. T. SHzpHerp 


Factors influencing iron absorption. By M. R. Cuoupuury, G. A. 
Smart and R. B. Toompson. Departments of Physiology and Medicine, 
Medical School, King’s College, Newcastle wpon Tyne 1 

Studies have been carried out in 144 male patients who had been subjected to 

gastro-intestinal operations and who had no evidence of recurrent peptic 

ulceration or bleeding. In 105 patients the stomach had been partly excised: 

in 86 the stomach remnant had been connected to the jejunum (group 1), 

and in 19 to the duodenum (group 2). In 39 cases the stomach had been 

anastomosed with the jejunum, but stomach contents could also pass through 

the pylorus into the duodenum (group 3). 

The haemoglobin percentages (cyanhaematin method, King & Gilchrist, 
1947) and serum iron levels (Ramsay, 1953, 1954) of the patients were com- 
pared with those of a group of 30 normal subjects. The haemoglobin and serum 
iron levels of patients in group 1, in whom the duodenum had been by-passed, 
were significantly less than those in normal subjects and patients in group 2. 
In group 1 patients operated on more than 5 years previously the decrease in 
serum iron was significantly greater than in those examined less than 5 years 
after operation. 

Thirty-two patients and 8 subjects with an intact gastro-intestinal tract were 
given bread containing 8-7—14-3 ucFe as ferric chloride in 2mg of carrier iron as 
ferric chloride. From the radioactivity of the blood the absorption of iron was 
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estimated. It was found that the absorption was much less in the patients of 
groups 1 and 2 than in the control subjects. In two anaemic patients of group 1, 
who showed a histamine-resistant achlorhydria, the absorption of orally 
administered iron was increased by the addition of 300 ml. of acid gastric 
juice collected from healthy subjects. That the deficiency was in absorption 
rather than utilization was shown by the fact that in all subjects more than 
90% of intravenously injected iron was incorporated into the circulating 
haemoglobin. 

The evidence suggests that in patients in whom the duodenum has been 
by-passed there is a progressively increasing iron deficiency due to decreased 
intestinal absorption. 

The addition of 1 g ascorbic acid to the iron-enriched bread increased the 
absorption of iron very markedly in three anaemic subjects in group 1. It 
seems likely that this is the result of the iron being kept in the easily absorbable 
ferrous form. Measurements of iron absorption in these conditions may be 
misleading as an index of the ability of patients to absorb iron from an ordinary 
mixed diet. 

REFERENCES 
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The effect of acute sodium depletion on bone sodium metabolism in 
the rat. By D.S. Munro, R.8. Satosxar and G. M. Witson. Department 
of Pharmacology and Therapeutics, University of Sheffield 

Bone is the only tissue in which the sodium concentration is significantly 

greater than in extracellular fluid. Bone sodium does not exchange completely 

with injected radioactive sodium even after equilibrium periods sufficient for 

complete exchange in all other tissues (Davies, Kornberg & Wilson, 1952; 

Edelman, James, Baden & Moore, 1954). Loss of sodium from the body has 

been found to lower the sodium content of bone (Bergstrom, 1955; Nichols & 

Nichols, 1956) and it has been suggested that the fall is due to release of the 

exchangeable fraction (Bergstrom, 1956). 

Because bone sodium content and exchange vary with age, the animals were 
selected by weight. Juvenile male albino rats (between 50 and 100 g) have 
been subjected to the procedure described by Bergstrom & Wallace (1954) in 
which sodium was removed from the body by the intraperitoneal injection of 
a solution containing glucose and ammonium chloride. Four hours later the 
fluid in the peritoneal cavity was withdrawn, thus removing between 0°8 and 
1:5 m-equiv of sodium. Thereafter the animals were allowed water only. On 
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the following day 30yuc of “Na was injected and the animals killed after a 
further 24 hr. 

The sodium content of the shafts of long bones was measured and its specific 
activity compared with blood sodium. The results are compared with a similar 
series of animals not depleted of sodium (Table 1). 

Bone sodium decreased after sodium depletion but the relative specific 
activity rose. Bone calcium content was not affected and, in another group 
of rats, the serum sodium did not fall after the same experimental procedure. 


| 
Bone sodium content, pe activity Bone calcium content, 
m-equiv per kg ve to blood m-equiv per kg 
No. in dry bone sodium, % bone 
group (mean + 8.£.) (mean + 8.B.) (mean + 8.z.) 
Controls 15 247 +42-9 6441-3 121464112 
Sodium- 15 210+3-1 77+1-4 12187 + 133 


The results suggest that, after depletion, sodium has been rearranged within 
the bone crystals so that the absolute amount available for exchange has not 
altered and the increase in relative specific activity is a consequence of the 
drop in total sodium content. 
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Nichols, G, Jr. & Nichols, N. (1956). Amer. J. Physiol. 186, 383-392. 


The effects of stimulation of the carotid sinus baroreceptors on 
pulmonary vascular resistance in the dog. By I. pz Bureu Daty 
and M. pe Buren Daty.* A.R.C. Institute of Animal Physiology, 
Babraham, Cambridge 


We reported recently that the lung blood vessels were under reflex control 
from the carotid body chemoreceptors (Daly & Daly, 1957). The present 
investigation was undertaken to discover whether the carotid sinus baro- 
receptors exerted any reflex effect on the pulmonary vascular bed. 

Dogs, anaesthetized with chloralose preceded by morphine hydrochloride, 
were ventilated at constant peak inflationary pressure (Konzett & Réssler, 
1940) with a Starling ‘Ideal’ pump. The chest was opened in the mid-sternal 
line. Both carotid sinuses were isolated from the circulation and perfused 
with heparinized dog blood by the method described by M. de B. Daly (1955). 


* Locke Research Fellow of the Royal Society. Present address: ee a Sapeeey. 
University College London. 
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Changes in pulmonary vascular resistance were measured by modification 
of the method described by I. de B. Daly & Duke (1948). The upper and cardiac 
lobes only of the left lung were perfused with mixed venous blood from the 
right auricle at constant blood volume inflow with a Dale-Schuster pump. 
Changes in inflow pressure were recorded. 

It was found that stimulation of the baroreceptors by raising the mean 
pressure in both carotid sinuses causes bradycardia, a fall in systemic blood 
pressure and usually a rise in pulmonary arterial perfusion pressure. This 
pulmonary vasopressor response occurs independently of changes in tidal air 
volume and in left auricular pressure. It persists after atropine and after 
denervation of the lungs by bilateral cervical vagotomy and upper thoracic 
sympathectomy. It is abolished, however, by section of the carotid sinus 
nerves. 

These experiments suggest therefore that the increase in pulmonary arterial 
inflow resistance occurring in response to carotid sinus distension is not the 
result of a central nervous reflex effect on either the pulmonary or bronchial 
vascular systems mediated through pulmonary vasomotor nerves. We 
attribute the response to a passive effect brought about by the reflex fall in 
systemic (bronchial arterial) pressure causing an alteration in the volume of 
blood passing through the communicating channels between the pulmonary 
and bronchial vascular systems (Berry & Daly, 1931). But the possibility 
still exists that a nervous effect on lung blood vessels participates in the 
pulmonary vasopressor response to stimulation of the carotid sinus baro- 
receptors. Such a mechanism, however, can only be unequivocally demon- 
strated in a preparation in which the passive effect of an alteration in systemic 
blood pressure is excluded. > 
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Heat production without mechanical response in a muscle twitch. 
By A. V. Hitt. Department of Physiology, University College London 


A frog’s sartorius exposed to a solution with 2} to 3 times the normal osmotic 
pressure of Ringer’s solution gives no detectable response to a single shock: 
but its heat production is still about one-third of the usual amount. In Fig. 1 
are shown (A) the heat and (B) the tension after normal Ringer’s solution, and 
(C) the heat after 15 min in ‘3 times’ Ringer’s solution. A strong stimulus 
(5 to 10 times the previous maximal) was needed for (C), but not so strong 
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that a significant part of the heat was due to it. A return to normal Ringer’s 
solution rapidly restores the usual pattern of heat and tension. 

The course of the heat production after ‘ 2} to 3 times’ Ringer’s solution differs 
from the usual one because of the absence both of the heat of shortening, and 
of the relaxation heat derived from elastic energy stored during contraction. 
What is left is ‘heat of activation’, and this is nearly as great as usual and 
occurs in about the same time (Hill, 1949). 


it 


? 

2 

5 

3 j 4 
02 0-4 08 


Time after stimulus (sec) 
Fig.1. Heat production of frog’s sartorius at 0° C, single shocks. A, After normal Ringer’s solu- 


tion; C, after 15 min soaking in 3 times Ringer’s solution; B, tension (max. 30 g) correspond- 
ing to A: no tension was detected for C (<0-05 g). 


Hodgkin & Horowicz (1957) recently reported that a single muscle fibre still 
has a normal action potential when its mechanical response to a single shock 
has been abolished by exposure to a concentrated solution. The link between 
excitation and the chemical processes of contraction is thus intact. The chief 
alteration due to dehydration by a high osmotic pressure is a great reduction 
(Howarth, 1957) in the speed of shortening: if this is pushed far enough there 
is no time in a twitch for tension to be developed. 


The present result recalls that obtained (Hill, 1950) with a muscle under a — 


very heavy load: this gave no detectable mechanical response to a single shock, 
but a normal ‘heat of activation’. 
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The ‘active state’ during contracture of the frog’s rectus. By 


W.D.M. Paton. Department of Pharmacology, Royal College of Surgeons 
Ezamination Hall, Queen Square, London, W.C.1 


It was noticed, during experiments on the frog’s rectus using the ‘pendulum’ 
lever (Paton, 1957), that acetylcholine reduced the extensibility of the muscle. 
This suggested that acetylcholine produced in the muscle a state corresponding 
to the ‘active state’ described by Hill (1949), during propagated responses in 
frog sartorius. 

The rectus was immersed in modified Ringer’s solution (NaCl, 6 g; KCl, 
0-15 g; CaCl,.6H,O, 0-3 g; NaHCO,, 0-5 g; water, 1000 ml.) bubbled with 5% 
CO,/95% O,. Its lower end was attached to the bottom of the 4 ml. bath which 


Load (g) 
15 


Acetylcholine 10~° Wash 


Fig. 1. Frog’s rectus abdominis. Upper part of tracing: superimposed responses to acetylcholine 
10-* recorded (a) as a continuous contraction, (6) as tension developed to repeated stretch 
from a state of zero tension. Lower part of tracing: record of movement of the bath, by 
which the muscle was stretched either (a) continuously, or (6) intermittently. The actual 
extension of the muscle is less than that shown by this record, by 1/8-5 x the excursion of the 
pendulum lever. 


was carried on a calibrated rack and pinion, thus allowing the muscle to be 
stretched. Its upper end was attached to a pendulum lever, magnification 
8-5, load 500 mg/cm deflexion on the smoked drum. 

Fig. 1 contrasts the effects of acetylcholine (a) recorded as a continuous 
contraction, and (b) recorded in response to repeated brief extensions. Two 
differences appear: (1) the onset and offset of action are much quicker when 
detected by response to stretch; (2) the stretch experiment reveals a peak and 
subsequent decline, which are obscured with the conventional method. 

If, when the action of acetylcholine is developed at a given length, the 
tension is lowered by raising the bath slightly, the muscle then shortens and 
re-develops tension. Comparison of this curve of re-establishment of tension 
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with the curve of tension development when acetylcholine is first added pro- 
vides an estimate of the drug’s diffusion time. Diffusion could account for the 
delay in development of inextensibility, in which case the full ‘active state’ 
due to acetylcholine is set up very quickly. 

A dose-response curve for compliance changes due to acetylcholine can be 
constructed. If this is compared with the curve for depolarization of frog 
sartorius by acetylcholine obtained by Fatt (1950), the two dose-response 
curves are approximately parallel. This suggests that the ‘active state’ 
developed during acetylcholine contracture is roughly proportional to the 
membrane depolarization. 
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The distribution of carotid blood in the brain of the anaesthetized 
cat. By R. L. Hotmes, P. P. Newman and J. H. Wo.stencrorrt. 
Departments of Anatomy and Physiology, School of Medwine, University 
of Leeds 

In view of recent experiments concerning the site of action of heated carotid 

blood in producing a fall of arterial blood pressure (Newman & Wolstencroft, 

1956, 1957) it was decided to investigate the field of distribution of carotid 

blood in the brain of the cat. The method used was similar to that described 

by Andersson & Jewell (1956) and Jewell & Verney (1957). 

The cats were anaesthetized with sodium pentobarbital. Dye suspensions 
of carbon black or Monastral Fast Blue were injected into the common carotid 
artery at a rate which did not influence the blood pressure recorded from the 
lingual artery. 10-15 sec after beginning the injection the heart was stopped 
by intravenous sodium citrate. 

In a second series of experiments the injections were repeated after heating 
the carotid blood as previously described (Newman & Wolstencroft, 1956). 

The whole brain and upper spinal cord were fixed in situ, thick sections cut 
and the distribution of injected material examined. In those animals where 
the blood was not heated, the brain tissue always showed heavy injection 
rostral to the pons; this decreased caudally and disappeared at levels which 
varied between the caudal third of the pons and the medulla immediately 
below the trapezium. 

In animals where the carotid blood was heated, it was found that injected 
material extended further caudally in all cases, an appreciable amount being 
present as low as the caudal limit of the pyramids. Unilateral injections 
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usually showed more material in the vessels of the same side, but a variable 
degree of bilateral distribution, often considerable, was present. 

From these experiments it was concluded that in the anaesthetized cat 
blood from the carotid arteries may supply medullary tissue, and that this 
may occur to a greater extent when the blood is heated. 


We thank Mesers Imperial Chemical (Pharmaceuticals) Ltd. for the gift of dye suspension. 
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A system of cells containing chromaffine granules in the human 
skin and some of their reactions. By J. Anams-Ray 


The transfusion of citrated blood in animals subjected to experi- 
mental hypothermia. By F. 8. Nassar and E. Net 


Citrate intoxication in hypothermia. J. LupBroox and V. Wynn 


The inhibitory effect of phenylbutazone on gastric secretion in 
the guinea-pig. By J. Warr and C. W. M. Witson. Departments of 
Pathology, and Pharmacology and General Therapeutics, University of 
Inverpool 

The effects of intramuscular and intraperitoneal injections of phenylbutazone 

have been investigated on fasting and histamine-induced gastric secretion in 

the guinea-pig by the methods which have been described previously (Watt & 

Wilson, 1957 a, 6). Three hours after the intraperitoneal injection of 200 mg/kg 

phenylbutazone into the fasting guinea-pig the secretion of free acid is almost 

completely inhibited. The secretion remains at a low level until 7 hr after the 
injection of the phenylbutazone when the concentration of free acid begins to 
rise and it reaches its normal value again 24 hr after the injection. The volume 
of gastric juice, and its peptic activity, are increased during the first 6 hr 
following the injection. They then decrease and remain at a low level up to 

24 hr after the injection. Seventy-two hours after the administration of 

phenylbutazone, methacholine causes the secretion of gastric juice which 

contains 62°, of its normal peptic activity. 
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During a period of 3-6 hr after intraperitoneal administration of phenyl- 
butazone, the concentration of free acid in histamine-induced gastric secretion 
is reduced to zero in the majority of the animals. The concentration of acid 
then gradually increases and finally, 24 hr after the injection of phenyl- 
butazone, reaches the normal values in response to histamine. The secretion 
of free acid in response to methacholine is also completely inhibited 3 hr after 
the injection of phenylbutazone. 

A dose of 50 mg/kg of phenylbutazone reduces the concentration of free 
acid in histamine-induced gastric secretion 1 hr after the injection of histamine 
to about 70%, of its normal value. The secretion of free acid in response to the 
same dose of histamine is progressively reduced as the dose of phenylbutazone 
is increased from 50 to 200 mg/kg. 

The inhibitory effect of phenylbutazone is at its maximum 3-6 hr after its 
injection during the period when the tissue concentration of the drug is at its 
greatest in the guinea-pig (Burns, Rose, Chenkin, Goldman, Schulert & Brodie, 
1953). Similar effects are produced by oral as well as intramuscular administra- 
tion of the drug. Phenylbutazone causes only a temporary inhibition of gastric 
acid secretion and complete recovery of gastric function occurs. These results 
have led us to conclude that the changes produced in the gastric secretion are 
due to a direct effect of phenylbutazone on the secretory cells. 
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The action of lysergic acid diethylamide (LSD 25), its 2-brom 
derivative (BOL 148) and of 5-hydroxytryptamine (5-HT) on 
the peristaltic reflex of the guinea-pig ileum. By K. H. Gryzzt, 
Department of Experimental Psychiatry, University of Birmingham 

Pieces of the guinea-pig’s lower ileum were mounted in a 50 ml. bath according 

to the method of Trendelenburg (1917). The peristaltic reflex was elicited by 

@ rise in intraluminal pressure of 2-3 cm. 

It was found that LSD 25 (in concentrations of 1.10-* to 5.10-*) and 
BOL 148 (5.10-’ to 2.10-*) abolish the emptying phase of the peristaltic 
reflex. Simultaneously, the response to nicotine was blocked while contrac- 
tions produced by acetylcholine were unaffected. The contraction produced by 
5-HT remained unaltered when the peristaltic reflex was blocked by LSD 25, 
but was abolished when the reflex was blocked by BOL 148. 
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In preparations stored at +5°C for 24 hr, only the contraction of the 
longitudinal muscle (preparatory phase) can be elicited (Ambache, 1946). This 
contraction was abolished by BOL 148, but not by LSD 25. 

5-HT blocked the peristaltic reflex in concentrations ranging between 
2.10-* and 10-*. Neither the preparatory phase nor the nicotine contraction 
was affected. In these concentrations the contractions produced previously 
by smaller doses of 5-HT were suppressed (in accordance with the findings of 
Gaddum, 1953). The blockade of the reflex developed regardless of whether 
the blocking dose of 5-HT caused a contraction on addition to the bath, or 
failed to do so owing to the desensitization of the preparation by the preceding 
doses of 5-HT. 

The blocking action of LSD 25 and BOL 148 on the peristaltic reflex and 
the nicotine contraction resembled that of cocaine, tubocurarine (Feldberg & 
Lin, 1949) and hexamethonium (Paton & Zaimis, 1949). It is, however, 
unlikely that similar mechanisms are involved. Transmission through the 
superior cervical ganglion of the cat was found to be unimpaired by LSD 25 
and BOL 148. Neither was the depressor response to peripheral vagus stimula- 
tion affected. 

There is not yet sufficient evidence to determine whether the blocking 
effect of LSD 25 and BOL 148 is related to their anti-5-HT action. If this is 
so two different receptors of 5-HT in the gut must be postulated. One of these 
may play a part in the peristaltic reflex and be blocked by large doses of 5-HT. 


REFERENCES 


Ambache, N, (1946). J. Physiol. 104, 266. 

Feldberg, W. & Lin, R. C. Y. (1949). Brit. J. Pharmacol. 4, 33. 
Gaddum, J. H. (1953). J. Physiol. 119, 363. 

Paton, W. D. M. & Zaimis, E. J. (1949). Brit. J. Pharmacol. 4, 381. 
Trendelenburg, P. (1917). Arch. exp. Path. Pharmak. 81, 55. 


Effect of diet and antibiotics on intestinal 5-hydroxytryptamine. 
By R. 8. Stacey and T. J. Sutiivan. Department of Therapeutics, 
St Thomas’s Hospital Medical School, London, S.E.1 


Cordier (1926) has reported that the argentaffin cells in the intestinal mucosa 
are more numerous in mice on a meat diet than in mice on a mixed diet. The 
experiments to be described were started to see if the amount of 5-hydroxy- 
tryptamine (5-HT) in the intestine was similarly affected by diet. 

Groups of male rats were fed on either rat cubes providing a balanced mixed 
diet or raw meat, and were given a vitamin supplement (Abidec, P. D. and Co.) 
in their drinking water. Both groups remained healthy and gained a similar 
amount of weight during the experiment. At intervals rats from each group 
were killed and the 5-HT in the mucosa of the small intestine extracted and 
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estimated either biologically on the rat uterus or fluorimetrically by the 
method of Udenfriend, Weissbach & Clark (1955). The meat-fed rats had an 
average of 86°, more 5-HT in the small intestine per kg body weight than the 
cube-fed rats; this difference is significant (P<0-01). Using the analytical 
data of Block & Weiss (1956) the tryptophan consumption of the meat-fed 
rats was found to be nearly three times that of the cube-fed rats. 

Groups of male mice fed on a diet of powdered rat cubes with the addition 
of 1% pt-tryptophan and killed after 7-8 days had 34% more 5-HT per g 
small intestine than a control group fed the same diet without added 
tryptophan. Groups of mice fed rat cubes and given streptomycin and 
chlortetracycline (70 mg of each per kg body weight) twice daily by stomach 
tube had 50°% more 5-HT in the small intestine per kg body weight than a 
control group fed similarly but given water by stomach tube twice daily. 
Rectal swabs taken from all the antibiotic-treated animals on the day of 
death were sterile. The differences between intestinal 5-HT in control and 
experimental animals in both these sets of experiments were significant 
(P <0-05). 

These experiments suggest that an increase in the tryptophan content of 
the diet of mice and rats results in a rise in the amount of 5-HT in the small 
intestine. Sterilization of the gut has a similar effect, probably by preventing 
bacterial metabolism of dietary tryptophan. 

We are indebted to Dr Mary Barber for the bacteriological examination of the rectal swabs. 


Block, R. J. & Weiss, K. W. (1956). Amino Acid Handbook. Springfield: Charles C. Thomas. 
Cordier, R. (1926). Arch. Biol., Paris, 36, 427. 
Udenfriend, 8., Weissbach, H. & Clark, C. T. (1955). J. biol. Chem. 215, 337. 


The reabsorption of water by the rat kidney. By J. A. Baroiay and 
R. F. Crampron. Department of Physiolagy, University of Birmingham 


Taking inulin as the ideal substance for the measurement of the glomerular 


filtration rate in the rat, an attempt has been made to assess the reabsorption — 
of water by certain parts of the nephron. The technique used was to inject 


inulin and p-amino-hippurate (PAH) subcutaneously, and after 1 hr to 
estimate the concentration of these substances in the plasma, urine and in the 
four morphological zones of the kidney (Barclay & Crampton, 1956). 

From the total content of inulin in zone 1, the extracellular inulin was sub- 
tracted. The latter was calculated as the product of plasma inulin and the 
inulin space (as measured in vitro) of zone 1. The remaining inulin must be 
present within the tubule lumen. The lumen space of zone 1 is predominantly 
that of the lumen of the proximal tubule, and if a lumen space is assumed, the 
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degree of inulin concentration can be calculated. Conversely, if the reabsorp- 
tion of water is taken as 80% (Walker, Bott, Oliver & Macdowell, 1941), then 
the lumen space can be calculated. 

The inulin content of zone 4 (consisting predominantly of collecting tubules) 
can be used to calculate the proportion of water which is further reabsorbed 
in this zone. In this zone, moreover, an approximation to the size of the 
lumen space can be calculated from the PAH content of the tissue and urine, 
assuming the latter to be equal to the PAH concentration in the lumen of this 
zone. In twelve consecutive kidneys, this lumen space varied from 1-9 to 
6-5 ml./100 g tissue, with a mean of 3-2 ml. ) 

In a series of rats yielding twelve observations, the ratio mg inulin/100 g 
tissue to mg inulin/100 ml. plasma for zone 1 varied from 1-49 to 4-61. Using 
the calculation as described and assuming a lumen space of 5 ml./100 g tissue, 
the results indicated a water reabsorption of 96-0-98-9°% with a mean of 
98-1%. Calculated on the basis of 80% reabsorption of water, the lumen 
space varied from 24-8 to 87-3 ml./100 g tissue, with a mean of 54-2 ml. 

The concentration of inulin in zones 2 and 3 showed little change from that 
in zone 1, but in zone 4 further concentration occurred. This was to the extent 
of from 1-6 to 6-8 times that which had occurred in zone 1, and must have 
taken place in the collecting tubules. 
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Diurnal excretory rhythms in a subject changing from night to 
day work. By J. N. Mits and 8. Tuomas. Department of Physiology, 
University of Manchester 


At the end of a period of 4 weeks of night work, a subject collected in successive 
fractions his urine over 5 days, covering the last 2 days of night work and his 
return to normal habits; during this period he abstained from caffeine-con- 
taining beverages. 

(Fig. 1) maintained the customary rhythm through- 
out, with a low output at night even when the subject was then working, and 
a high output in. the late morning. Sodium and chloride showed a similar, 
though less regular, persistence of the usual diurnal rhythm. Phosphate 
excretion by contrast appeared completely adapted to night work, in that 
a sharp fall in output occurred not, as usual, in the early morning, but when 
- the subject woke up in the late evening. When the subject resumed the 
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conventional hours of waking and sleeping, the usual morning drop in phos- 
phate excretion immediately reappeared. 


Urinary outputs, ~ equiv or gmole/min 


N M N M N M N M N 
Fig. 1. Phosphate, potassium and sodium excretion during the transition from night work to 
conventional routine. M, indicates midnight; N, noon. Discontinuous line represents 
periods of sleep. Cire 
It is concluded that the excretory rhythms of phosphate and of other electro- 
lytes are quite distinct in origin, and that the phosphate rhythm is closely 
_ dependent upon actual habits of waking and sleeping. 


Effect of environmental heat stress on the diurnal variation in body 
temperature. By R. K. Macpnerson. Division of Human Physiology, 
National Institute for Medical Research, Mill Hill, London, N:W.7 


A series of 576 ‘man-experiments’ was performed in Singapore in which men 
were exposed to air temperatures of 90, 100 and 120° F, with a wide range of 
humidity, air speed, clothing and energy expenditure. Each experiment was 
performed twice, once in the morning and once in the afternoon. Rectal 
temperatures were measured on entering the climatic chamber (9.0 a.m. and 
1.0 p.m.) and 2 hr 40 min later. It was found that on entry the rectal tempera- 
ture was 0-53° F higher in the afternoon experiments than in the morning 
experiments, but after 2 hr 40 min the difference was reduced to 0-21° F in 
experiments at 90° F, 0-28° F in those at 100° F, and 0-10° F in those at 120° F. 
In these last the subjects were often on the verge of collapse and their rectal 
temperatures varied greatly. 

Table 1 sets out the expected rectal temperature, at times corresponding to 
those at which measurements were made in the experiments, as predicted by 


| 
the 
obse 
upo ‘ 
“ | reg 
resp 
may 
incr 
the 
| 


| SOCIETY, 25-26 APRIL 1957 67 P 


the equation of Adam & Ferres (1954) for men seated at rest in Singapore at 
the usual ambient temperature. The agreement between the differences 
observed in the experiments and those predicted suggests that the increase 
in rectal temperature produced by environmental heat stress is superimposed 
upon a cyclic adjustment of the level at which the body temperature is 
regulated. Consideration of Table 1 will show that false conclusions with 


S 


| | Rectal Rectal 1 
| temperature tem 
Time (°F) Time (°F) 
Morning 09.00 98-86 11.40 99-28 
Afternoon 13.00 99-42 15.40 99-57 
Difference 0-56 0-29 


respect to the stress of the environment or the acclimatization of the subjects 
may be drawn, whether the actual level of the rectal temperature or its 
increment is considered, if allowance is not made for the time of day at which 


the experiments are performed. 
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The velodyne flowmeter. By G. 8. Dawes and D. G. Wvarr. The 
Nuffield Institute for Medical Research, University of Oxford 


A simple quick-acting apparatus for making the same hypo- 
thalamic lesion in a series of rats. By R. A. Spires. Medical 
Research Council Department of Experimental Medicine, University of 
Cambridge 

An apparatus on the principle of the Horsley-Clarke stereotaxic instrument 

has been designed. The apparatus is for use with rats and the capacity for 

adjustment has been sacrificed in order to increase the speed with which a 

particular hypothalamic lesion can be made. 


Description of the apparatus 

The general] features of the instrument can be seen in Figs. 1 and 2. The aim 
is to achieve the maximum rigidity, and this is assured by the angle frame and 
the substantial brass pillars which support the ear-plugs and electrode assembly. 
The ear-plugs slide through 2-5 cm square pillars (A and B) giving a large 
bearing surface and providing easy locking by one thumb screw. To avoid 
rotation of the electrode carrier, it is mounted on a square shaft sliding through 
a collar (C) supported by the vertical pillar (D) and locked in a similar way. 
The whole of the electrode assembly can be swung away from the field of 
operation when the collar (C) is unlocked. 

The head of the animal is held firmly, and insulated electrically from the 
frame, by the Perspex tips of the ear-plugs and a Perspex ‘mandible bar’ (£). 
The mandible bar is adjusted from the supporting pillar (D), and the rod which 
carries it is keyed to prevent rotation. 

_ The electrode can be of any convenient deubestikaed illustrated is made 

from fine platinum wire insulated and stiffened, except in its terminal milli- 

meter, by capillary glass tubing. It is carried on a shaft (F), the upper part of 
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which has a 1 mm pitched thread while the lower end is keyed to slide in the 
brass sleeve (G). Rotation of the knurled nut (H), therefore, raises or lowers 


the electrode 1 mm, and it can be fixed by an additional lock nut. 


Operative details 

After fixing the head, holes are made with a dental burr in the angle between 
the coronal and sagittal sutures, i.e. as close to the bregma as possible. 

The position of the lesions which are most effective in producing obesity has 
been described by Brobeck, Tepperman & Long (1943), and is easily recogniz- 
able by eye in the freshly dissected brain at the apex of the prominent tuber 
which covers the ventromedial nuclei in the rat. 


Fig. 1. General view of the instrument. 


In the present experiments a direct current of 2 mA for 15 sec has been used. 
The electrode in the brain has been the anode and the indifferent electrode has 
been placed in the rectum. This technique has produced lesions about 1 mm in 
diameter, which are generally followed by the rapid development of obesity. 

A trial operation is carried out in which large lesions are placed in the brain 
by increasing the normal current time. The rat is killed and the brain partially 
dissected, and any error in placing the lesions is measured directly by a hand 
vernier gauge. The appropriate correction is then made to the position of the 
electrode using the same gauge, and the distance between the electrode tip and 
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the ear-plugs measured and recorded. Any number of rats of the same weight 
can then be operated upon using this setting. 
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Fig. 2. Scale drawing of instrument showing general construction. 


The instrument has been extensively tested in hundreds of operations on 
rats varying in age from 21 days upwards. The results are being reported 
elsewhere by Dr G. C. Kennedy, who has found the instrument more reliable a 
than any he has previously used (Kennedy, 1950, 1957). a 
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A novel mechanical construction for electronic apparatus. By 
P. E. K. Donatpson and W. L. Hau. Physiological eae 
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A specific colorimetric method for estimation of phlorrhizin. By 


F. A. Jenner and D. H. Smyru. Department of Physiology, University 

of Sheffield 
One of the difficulties in studying the fate of phlorrhizin in the animal body is 
the lack of a specific method for quantitative or qualitative determination. 
Jenner & Smyth (1957) have recently produced evidence that phlorrhizin or a 
derivative is excreted in the bile. However, as they pointed out, the methods 
used were not specific for phlorrhizin. The reaction with diazotized sulphanilic 
acid is given by many aromatic substances, while inhibition of glucose absorp- 
tion from the rat small intestine is also produced by phloretin though to a 
_ lesser degree. The u.v. absorption spectrum of phlorrhizin is very similar to 
that of phloretin, and also at the wave-length used for estimation (285 m,z), 
phloretic acid has a very similar extinction value. The diazotized sulphanilic 
acid reaction, or the far more sensitive u.v. absorption technique, or any other 
less specific method can be combined with paper chromatography. Phlorrhizin, 
phloretin, phlorine, phloroglucinol and phloretic acid can be separated in 
butanol—acetic-water (40-10-50) solvent, or propanol—water (80-20) solvent, 
and estimated after elution. However, these methods are not very satisfactory 
in bile, and are much more involved than the simple colorimetric technique to 
be described. 

Lehongre, Neumann & Lavollay (1950) described a reaction of phlorrhizin 
in alkaline solutions in the presence of hydrogen peroxide, which they applied 
to the micro-estimation of hydrogen peroxide. We have used the same 
reaction to estimate phlorrhizin, and it appears to offer a highly specific and 
sensitive method for quantitative and qualitative estimations of phlorrhizin. 
Neumann, Lehongre & Lavollay (1955) presented evidence that a glucoside of 
1,3,4,5-tetrahydroxy benzene is formed as an intermediate substance, which 
is then oxidized to an unknown red substance. We find that the extinction 
value at 490 my of the red substance is proportional to the original phlorrhizin 
concentration. 

The procedure for estimation of phlorrhizin is as follows. To 2 ml. phlorrhizin 
solution containing 0-02 mg. to 2 mg is added 2 ml. borate buffer (pH 9-9) and 
1 ml. of hydrogen peroxide (1 in 1000 of 100 vols. solution). The colour develops 
slowly, and maximum density is achieved 2 hr after adding the hydrogen 
peroxide. The extinction values obey the Beer-Lambert Law over the range 
indicated. Solutions of 10 mg % phlorrhizin can be estimated with an error of 
about 5%. The red colour is not given by phloretin, phlorine, phloroglucinol, 
nor phloretic acid. 
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An ultramicrotome. By A. F. Huxiey. Department of Physiology, 
University of Cambridge 
This microtome was built in the workshops of the Engineering Laboratory, 
Cambridge University, to the author’s design. As in the well-known instru- 
ment of Porter & Blum (1953), the specimen is carried on the end of a bar 
(@, Fig. 1) which swings downwards during the cutting stroke; during the 
return stroke the bar is displaced laterally so as to avoid the knife and is 
advanced by a screw acting through a reduction lever. The main differences 
from Porter & Blum’s instrument are: (i) to avoid backlash, all movements 


Fig. 1. Photograph of the microtome, during the cutting stroke. The operator sits facing the 
specimen at the right-hand end. In use, the parts of the instrument to the left of the specimen 
are covered with a transparent plastic box to reduce draughts. Further explanation in text. 


directly affecting the position of the specimen are controlled by spring hinges 
or similar flexure devices, instead of pivots, slides, etc., and (ii) to avoid 
vibrations and distortion of the frame by the weight of the hand, the cutting 
stroke is carried out by gravity, the speed of the cut being controlled by an 
adjustable dashpot (#). 

The return stroke is made by lifting the handle J; this raises the bar ¢ 
through the flexible connexion K. At the same time, a roller on the side of the 
handle catches under the cam M tilting the rocker LL, to which it is attached, 
to the operator’s right. This rocker carries at one end a pawl N which 
advances the micrometer head through the required number of teeth (selected 
by means of the knob P), and, at the other end, a rod Q which —— the 
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member R to swing away, pivoting about the spring hinge F and pushing the 
bar S which in turn displaces G which carries the specimen. During the cutting 
stroke, the roller does not engage on the cam, and the rocker is completely 
detached from the mechanism; the bar G swings downward about the oblique 
axis defined by the spring hinges C and D. 

The advance lever is pivoted by a spring hinge AA to a fixed upright. An 
intermediate member to which the bar @ is attached through the hinge C is 
pivoted to the lever by the spring hinge B. The axes of 4A and of B are nearly 
but not quite coincident, the displacement (0-32 mm) constituting the short 
arm of the lever, which gives a reduction of about 300:1. The automatic 
advance can be adjusted from zero to 140 my, in steps of 5 my. 

The knife holder, adapted for glass knives, can be (i) rotated about a vertical 
axis passing through the specimen, (ii) tilted, and (iii) displaced forwards or 
sideways by screw motions. The entire holder slides off for changing or 
adjusting the specimen. 

The performance of the microtome appears to be limited not by mechanical 
factors, but by thermal drift, quality of knife edge, and properties of the block 
itself. 

REFERENCE 
Porter, K. R. & Blum, J. (1953). Anat. Rec. 117, 685. 


A simple method for measuring time intervals on continuous 
35 mm film records. By A. J. Butier and R. W. Hauts. Depart- 
ments of Physiology and Medicine, St Thomas's Hospital, S.E. 1 


A Cossor oscillograph camera model 1428 has been modified to allow measure- 
ment of X-axis intervals on processed 35 mm film strips. A microscope lamp 
is used to illuminate the developed film, via the Perspex screen, from the rear 
of the camera, and the image of the record projected back through the camera 
lens on to the oscillograph screen. A calibrated dial is attached to the spindle 
of the camera sprocket drive, and a stationary zero mark fixed to the camera 
body. Measurements are made by turning the graduated dial by hand (thus 
transporting the film) and noting the readings at the beginning and end of the 
interval to be measured. Hair lines on the Perspex screen allow accurate 
alignment of signals. 


Drug-induced modification of the responses of cholinoceptive cells 
to acetylcholine. Curistive and Exzanor Zamais. Depart- 


ment of Pharmacology, The Royal Free Hospital School of — 
London, W.C.1 
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Refiex contractions of the rumen and reticulum. By D. A. Trrouen. 
The Physiological Laboratory, University of Cambridge 


Discharge from frogs’ spinal cord ventral roots on direct current 
stimulation. By D. W. Kennarp. The Physiological Laboratory, 
University of Cambridge 


The fixator. By H. Asner. The Department of Physiology, University of 
Birmingham 


The influence of haemorrhage on the cardiac output and renal 
blood flow of the dog. By P. BAtinr. Institutum Physiologicum 
Unwersitatis, Budapest VIII, Puskin—u9 


The measurement of udder blood flow in the conscious goat. 
By J. L. Linzett. A.R.C. Institute of Animal Physiology, Babraham, 
Cambridge 

Two methods based on the indicator-dilution principle of Stewart have been 

found to be applicable to goats trained to stand in the laboratory. 

(a) The injection of Evans blue solution into one of the main arteries and the 
subsequent determination of the concentration-time curve of the dye in the 
venous blood. In isolated perfused udders this method has given estimates 
averaging 104+4% (s.p.) of true flow or flow derived from the calibration of 
the perfusion pump. Measured im situ under anaesthesia, with the animal 
supported in a standing position, accuracy was 103 + 20%. The repeated use 
of this method is limited in the conscious animal because the artery is difficult 
to puncture without disturbance. Polythene cannulae caused clotting. Exteri- 
orization of the main artery as a skin-covered loop was unsuccessful, because 
many small collateral arteries enlarged, whilst the main vessel closed down and 
atrophied without detriment to the animal or its milk yield. In one animal out 
of three the main artery was successfully exteriorized (although reduced in size) 
by transplanting one gland to the inside of the thigh. This also had no effect 
upon the yield of the transplanted half. 

(b) The thermo-dilution method of Fegler (1954, 1957) has been adapted 
for measuring the flow along one of the main veins draining each half of the 
udder. This involves injecting cold saline into the exteriorized (looped) milk 
vein and recording its passage down stream with 2, needle thermocouple. When 
the method was checked against a steady flow of water through rubber tubing 
an accuracy of 99 + 5% of the actual flow was achieved. In the conscious goat 
the accuracy was 105+11% as checked by measurement through a cannula 
temporarily inserted into the vein, but was not reliable for flows less than 
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40 ml./min and was erratic in one goat with abnormally varicose veins. It 
has been found that under certain circumstances this vein carries all the venous 
blood from the organ, but this must be determined in each animal. If the vein 
loop is locally anaesthetized the method causes no disturbance of the animal 
and is readily repeatable. 

For both methods the blood vessels crossing between the two halves of the 
udder have been divided at previous operations. Neither method has depressed 
the yield of the gland under experiment compared with other half. Preliminary 
results show that the mammary blood flow in the conscious goat is 50-70 ml./ 
100 g/min in full lactation and 20-40 in advanced lactation and in dry 
animals; like the milk yield, it is depressed by surgical operations and illness. 


I wish to acknowledge help from Professor P. R. Allison, Dr G. Fegler and Dr L. E. Mount. 
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The effect of portal venous occlusion on gastric secretion. By 
R. A. Grecory. Physiological Laboratory, University of Liverpool 


Lebedinskaja (1932) and Gerez & Weiss (1936) reported that in Pavlov pouch 
dogs the diversion of portal venous blood into the systemic circulation by the 
creation of an Eck fistula was followed by an increased gastric secretory 
response to meals. The duration of the response and the acid and volume out- 
puts were greatly increased; pepsin output was decreased. The mechanism of 
these changes is obscure, since (a) the gastric pouches used were vagally inner- 
vated, and (5) the liver of an Eck fistula dog undergoes a fairly rapid atrophy. 

In the experiments to be described, dogs were provided with gastric cannulae 
and denervated gastric pouches. The portal vein was partially ligated above 
its highest tributary with cellophane tape (Grindlay & Mann, 1952) which 
causes gradual occlusion of the vessel by fibrosis. This procedure is not followed 
by liver atrophy. After the operation, the acid and volume outputs of the 
pouch in response to a meal were increased. The maximal secretory response 
to histamine gradually increased to approximately twice the preoperative 
level. In four dogs with vigorous appetites the response of the pouch to meals 
began within 15 min of offering food. In these animals, sham-feeding or teasing 
with food (psychic stimulation) caused a considerable response from the pouch, 
coincident with or closely following upon that of the main stomach. After 
10 min sham-feeding, both responses persisted for more than an hour if the 
gastric cannula was open; on closing the cannula, so that acid accumulated in 
the stomach, the pouch response soon declined to a low level. Distension of the 
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main stomach caused a similar response from pouch and main stomach; this 
was likewise inhibited by closing the gastric cannula. 

These experiments prove that a stimulant of gastric secretion is released 
into the portal blood stream by vagal excitation; they also indicate that this 
mechanism of release is inhibited by the accumulation of acid in the stomach 
(or duodenum). The origin of the humoral agent is uncertain; whether in 
normal animals it survives passage through the liver is open to discussion. 

This work was supported by a grant from the Medical Research Council. 
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The effect of changes in potassium chloride concentration on 
the membrane potential, electrical activity and tension of 
intestinal smooth muscle. By Mo.im E. Hotman. Department of 
Pharmacology, University of Oxford 
Simultaneous records of membrane potential and tension have been obtained 
from the guinea-pig taenia coli. The use of high resistance microelectrodes 
(20-50 MQ) have made it possible to record spikes of a consistent shape and 
larger than those described previously for this tissue. In normal solution the 
mean spike height was 60 mV and the mean resting potential was 50 mV. The 
spikes had a similar shape to those recorded with lower resistance electrodes, 
i.e. a slow initial depolarization (prepotential) leading, without discontinuity, 
to the spike potential and a relatively rapid repolarization. At half the total 
height the mean spike duration was 6-5 msec. 

When the KCl concentration of the bathing solution was decreased, the 
resting potential rose, and conversely, when the KCl was increased the 
resting potential fell. The relation between resting potential and the logarithm 
of the external K+ concentration was linear for concentrations greater than 
20m-equiv/l. and had a slope of 33 mV per tenfold change in K+ con- 
centration (NaCl concentration unchanged). 

The frequency of the spike discharge was related to the resting potential. 
After 20 min exposure to a K* free solution all activity ceased. At K* con- 
centrations greater than normal, spike frequency increased with decreasing 
resting potential. 

Spike duration increased with falling resting potential. Spike potentials 
with overshoot could still be seen until the resting potential was reduced to 
about 35 mV. At this level spikes reverted to oscillations, at frequencies of up 
to 200 per min. They eventually disappeared at about 27 mV resting potential. 
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Tension was proportional to the spike frequency as long as the spikes 
maintained their normalshape. At K+ concentrations greater than 30 m-equiv/l. 
when oscillations only were recorded, the tension showed an initial increase 
but fell during the remainder of the exposure period. 

When solutions containing high concentrations of KCl were replaced with 
normal solution the resting potential rose very slowly. For example, after 
exposure to 150 m-equiv K+/I. a high spike frequency and raised tension were 
still recorded 60 min after washing out. 


The distensibility of the upper respiratory passages. By J. Ernstina. 
Royal Air Force Institute of Aviation Medicine, Farnborough, Hants 
Positive pressure breathing with an oronasal mask at pressures greater than 
15 mm Hg causes swelling of the neck and depression of the floor of the mouth. 
Radiographic studies (Ernsting & Roxburgh, 1957) have demonstrated that 
this swelling is due principally to distension of the upper respiratory passages, 


Respiratory dead space (mi. BTPS) 


Suction applied to the neck (mm Hg) 


Fig. 1. The variation in the volume of the respiratory dead space caused by the 
application of differing degrees of suction to the surface of the neck. 


especially the mouth and pharynx. This distension has been assessed by 
measuring the respiratory dead space volume at various pressure differences 
between the respiratory tract and the surface of the neck; these were produced 
by applying a subatmospheric pressure to the neck by means of a Perspex box. 

The volume of the respiratory dead space was obtained from records of the 
nitrogen concentration in the expired air and the expiratory flow rate taken 
during the expiration following a breath of oxygen (Fowler, 1948). The 
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functional residual volume, the inspired oxygen volume, the period of the 
inspiratory pause and the rate of expiratory gas flow, all of which influence the 
value of the dead space volume, were maintained as constant as possible. 
The accuracy of the method in detecting changes in the dead space volume was 
determined by adding known external dead space volumes (ranging from 
52 ml. to 315 ml.) and estimating the total dead space. There was a good 
linear correlation between the added dead space and the total dead space 
volumes (r = 0-987 ; = 28). 

The pressure volume curve of the upper respiratory passages is sigmoid in 
character (Fig. 1). The form of the curve indicates that there is stretching of 
the walls of the passages at intermediate pressure differences (5-50 mm Hg). 
At pressures greater than 50 mm Hg the tissues become relatively indistensible 
and at the higher pressures they are under considerable tension. It is at 
pressures greater than 60 mm Hg that pressure breathing with an oronasal 
mask gives rise to severe discomfort in the neck. 
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Adrenocortical pathway of lobeline protection in various forms of 
pulmonary oedema of the rat. By D. F. J. Hatmacyi*, A. Kovacst 
and P. Neumannt. Department of Medicine and Department of Pharma- 
cology, University Medical School, Szeged, Hungary | 


The protective effect of large doses of lobeline (10-20 mg/kg, repeatedly) in 
pulmonary oedema produced by vagotomy, ammonium chloride intoxication, 
intravenous adrenaline, «-naphthyl-thiourea (ANTU), and chlorpicrine (CLOP) 
inhalation (0-1 ml. CLOP/30 1. air for 5 min) was described in an earlier paper 
(Halmagyi, Kovacs, Neumann & Kenez, 1956). Some observations concerning 
the mechanism of lobeline action are now reported. 

CLOP-induced lung oedema was studied first because of its well-known 
irresponsiveness to any other drug than lobeline. Rats were exposed to 
inhalation of CLOP as described previously. Two animals were exposed 
simultaneously: the procedure under trial was applied to one of them while 
the other served as control. The extent of lung oedema was judged from the 


lung weight expressed as percentage of body weight. 
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Relative lung weight of lobeline-treated gassed animals remained normal. 
In adrenalectomized animals lobeline failed to inhibit lung oedema formation. 
Removal of the adrenal medulla did not interfere with the protective effect of 
lobeline, nor did hypophysectomy. ACTH if administered to normal rats 
failed to inhibit lung oedema following gassing. The administration of large 
doses of DOCA or cortisone to adrenalectomized rats also did not influence 
CLOP-induced lung oedema formation. If, however, lobeline was administered 
to adrenalectomized rats pretreated with small amounts of cortisone, no lung 
oedema was observed. It appears, therefore, that though an intact adrenal 
cortex is essential for lobeline protection, cortisone has a supporting rather 
than an obligatory regulatory action (Ingle, 1951). 

An attempt was made to decide whether this mechanism of lobeline protec- 
tion applies to other forms of lung oedema. ANTU-lung oedema is according 
to present view pathogenetically closely related to CLOP-oedema. Adrena- 
lectomy, however, did not interfere with lobeline protection in ANTU-poison- 
ing. In a further series of rats poisoned with ammonium chloride adrena- 
lectomy did not inhibit the protective action of lobeline. On the other hand, 
lung oedema produced by bilateral cervical vagotomy failed to respond to 
lobeline treatment in adrenalectomized animals. 

Further investigations are needed to explain these rather conflicting results. 

This work has been aided by Messrs Organon Ltd., Oss, The Netherlands, through a generous 
supply of hormone preparations. 
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The relation between contraction and active membrane potential 
in isolated rabbit auricles. By E. M. Vavenan Wituiams. Depart- 
ment of Pharmacology, University of Oxford 


Measurements of intracellular potentials have been made in isolated rabbit 
auricles during the action of acetylcholine, and in several experiments it was 
found possible to record from a single fibre throughout the phases of inhibition 
and recovery. The shortening and subsequent lengthening of the duration of 
the active potential followed a time course similar to that of the inhibition of 
contractions familiar from other experiments. In a few experiments measure- 
ments of force and intracellular potential were made simultaneously, and the 
force was correlated with the duration of the active potential. Thus far the 
results confirmed the hypothesis of Burgen & Terroux (1953) that the ‘ negative 
inotropic effect’ of ACh could be due to failure of the brief potential to excite 
some of the contractile elements. When ACh stops the auricle, however, the 
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first contraction during recovery is large, with a later peak than that of a 
normal contraction, and the active potential ought, therefore, to be of long 
duration. It is not, and the hypothesis must be abandoned, for a very brief 
potential can evidently excite all the elements. Further, when the auricle is 
excited by two closely spaced stimuli, the response to the first of the double 
stimuli gradually increases to twice the normal size, although the duration of 
the potential is unchanged. This potentiation still occurs in the presence of ACh, 
which cannot, therefore, have any direct action on the contractile elements. It 
is suggested that there is a link, z, between potential and contraction, which is 
released during membrane activity in a quantity which is a function both of the 
duration of the active potential and of the amount ready for release. 


REFERENCE 
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Responses of frog skin to local mechanical stimulation. By 
W. T. Carton. Department of Physiology, Medical School, King’s College, 
Newcastle upon Tyne 1 


Calf skin-nerve preparations from the frog were mechanically stimulated by 
means of a sharp pin, traversed by a pneumatic device at varying rates through 
displacements 20-70 in extent, normal to the outer or inner surfaces. Spike 
responses were recorded from the intact nerve. Using near-threshold inten- 
sities the responses consisted of very few or of single spikes, which could be 
obtained from almost all parts of the innervated area. There was clear evidence 
of localization of these responses to small receptive areas, particularly for out- 
side stimulation. On the other hand, simple responses, consisting of one or 
two spikes only, could be obtained more readily by inside stimulation and the 
results quoted relate mainly. to this approach. 

The responses could be placed into three fairly well-defined groups according 
to spike amplitude: (i) large spikes, (ii) medium spikes, (iii) small spikes. The 
latencies of the responses in general increased with decrease in spike size. 
Latencies for large and medium spikes were both asymptotic to values around 
10 msec, at high rates of displacement. The latency of the small spike responses 
was about 40 msec. At low rates of displacement the latencies of both large 
and medium spikes increased, but with a differentially greater increase for the 
large spikes. Other characteristics were as follows: large spikes could be 
evoked selectively by rapidly traversing the pin-point over short distances 
horizontally on the outer surface using very light pressure. They could also be 
elicited by inside stimulation, but only when-the displacement rate was high, 
or at slower rates when the point was deeply situated, pressing on the inside of 


y 
~ «¥ 
| 
~ 
> 
f 
A 
4 
ai 


82 P PROCEEDINGS OF THE PHYSIOLOGICAL 


the epidermis. There was rarely more than one spike per response. Medium 
spikes were most readily evoked by fairly slow displacements with inside 
stimulation; there were commonly several spikes in each response but no 
sustained discharge to constant displacement. Medium (but not large) spikes 
were often evoked at ‘off’ as well as ‘on’. Small spikes were evoked only when 
the pin point pressed heavily on the inside of the epidermis. The discharges 
were irregular and sustained. 

Functional correlations and probable site of origin of these responses are 
suggested as follows. Large spikes, from tactile receptors sited in the epidermis. 
Medium spikes, pressure or large nociceptive receptors, sited deep to the 
epidermis. Small spikes, pain receptors sited in epidermis, unmyelinated fibres. 

The latencies of these mechanical responses exceed both the conduction 
times calculated from the conduction velocities in single skin fibres measured 
by Maruhashi, Mizuguchi & Tasaki (1952) and the latencies to electrical pulse 
stimulation recently reported (Catton, 1957); the excess time may tentatively 
be assigned to receptor delay. 


Catton, W. T. (1957). J. Physiol. 136, 33 P. 
Maruhashi, J., Mizuguchi, K. & Tasaki, I. (1952). J. Physiol. 117, 129-151. 


Acute sympathectomy and vascular responses to ischaemia 
in skeletal muscles. By J. Lampert. Institut Léon Frederica, 
Physiologie, Liége 


The uptake of 5-hydroxytryptamine by blood platelets. By 
G. V. R. Born and R. E. Guutson. Nuffield Institute for Medical 
Research, University of Oxford 


In earlier experiments the uptake of 5-hydroxytryptamine (HT) by blood 
platelets was measured by incubating plasma containing platelets in silicone- 
treated glass tubes at 37° C. with added HT (1-5 wg ml.). Platelets took up 
HT for about 90 min (Hardisty & Stacey, 1955) by which time they contained 
about 1-2 x 10-* mole HT/10* platelets. 

Under the conditions used in these experiments the pH of the plasma 
increased during incubation from 7-3~7-5 to 8-0-8-3. This suggested that the 
uptake of HT by platelets might be limited by changes in the plasma. 

In an attempt to improve the conditions in which the platelets find them- 
selves during such experiments, we now use the following method: Platelet- 
rich plasma is suspended in a dialysis bag in Krebs’s bicarbonate solution. 
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The solution is gassed with 95% O, and 5% CO, and maintained at 37° C. 
Sodium citrate is added to prevent clotting. Under these conditions the pH of 
the plasma increases by only 0-1-0-3 of a unit in 90 min. 

When HT is added to the Krebs’s solution (1-5 g/ml.) the uptake of HT by 
the platelets is greatly increased. In one experiment the platelets contained 
4-8 x 10-* moles/10* platelets after 90 min, and HT was taken up against a 
concentration gradient of about one thousand to one. However, the uptake 
again ceased after about 90 min. When platelets were incubated first for 90 min 
in the absence of HT and then for 90 min in the presence of added HT, almost 
as much HT was taken up as when it was present from the start. This showed 
that the conditions under which the platelets were incubated did not impair 
their ability to take up HT. 

When the concentration of HT added to the Krebs’s solution was increased 
from nil to 0-75 ug/ml. the amount of HT taken up by the platelets increased 
in proportion. This suggested that HT was taken up until an equilibrium was 
established between the HT in the platelets and that in the surrounding 
solution. 

When the concentration of HT in the solution was raised to 3-0 ug/ml. there 
was no further significant increase of HT in the platelets. The platelets then 
contained about one molecule of HT for each molecule of adenosine triphos- 
phate (ATP). This is consistent with other results which suggest that the uptake 
of HT by platelets depends amongst other things upon the amount of ATP 
which the platelets contain (Born, 1956; Born, Ingram & Stacey, 1956). 
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Sinusoidal stretching of voluntary muscle. By O. C. J. Lippoxp, 


J. W. T. Reprearn and J. Vuco. Department of Physiology, University 

College London 
Investigation of the normal electrical activity of human voluntary muscle has 
shown that ‘bursts’ of action potentials often tend to occur at about 100 msec 
intervals, corresponding with a detectable mechanical tremor (Lippold, Red- 
fearn & Vuéto, 1957). Measurement of the reflex delay in these experiments 
enabled an analysis to be made of the time relations between stretch receptor 
activity and the mechanical displacement produced by the muscle fibres; 
this showed that the stretch receptors were having their maximal reflex effect 
at the instant when the muscle was lengthening at its maximum velocity. 
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The fact that in these experiments muscle stretch receptor activity appeared 
to be related to velocity rather than to displacement was considered interesting 
enough to merit further experimental study under more closely controlled 
conditions. The tendons of various muscles in the anaesthetized cat were 
attached to a slider capable of sinusoidal displacement of predetermined 
amplitude and frequency. Recordings were made simultaneously of the 
movement of the muscle, its electrical activity and the tension at its tendon. 
These corroborate our previous findings. 
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Fig. 1. The motor unit action potentials recorded from tibialis anterior (cat) 
when subject to the mechanical displacement in the lower trace. 


At high rates of stretching (2-25 cm/sec) reflex discharges are excited purely 
by velocity (Fig. 1). At low rates of stretching (below 1 cm/sec) the reflex 
activity corresponds more with displacement or tension (cf. Matthews, 1933). 

We are indebted to the Nuffield Foundation for a grant in support of this work. 
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Limitation of oxygen consumption in the mature foetal lamb. 
By G. 8. Dawes and Joan ©. Morr. The Nuffield Institute for Medical 
Research, University of Oxford 


Cold vasodilatation in the human forearm. By R. §8. J. Cuarkz, 
R. F. Hetton and A. R. Linn. M.R.C. Climate and Working Efficiency 
Unit, Department of Human Anatomy, University of Oxford 


Lewis (1930) was the first to describe a vasodilatation in the finger following 
its immersion in crushed ice. Some qualitative evidence of a similar reaction 
in the forearm has been given (Grant & Bland, 1931), but no associated rise in 


temperature was observed. Later work on cold dilatation has been restricted 
to the fingers and toes. 
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Forearm blood flows were measured after 28 min immersion in water at 
temperatures from 2 to 42°C before commencing sustained contractions 
(Clarke, Hellon & Lind, 1957). Blood flow fell with decreasing temperature, 
but below 14° C, it increased again until at 2° C the flow was slightly greater 
than at 34° C. 

More detailed observations in water at 10, 6 and 1° C confirmed that the 
dilatation was most marked at the lowest temperature. The reaction was 
gradual in onset, commencing 5-15 min after immersion of the arm and rising 
to a steady level by about 30 min. Suppression of the skin circulation by 
adrenaline iontophoresis did not greatly affect the response, which appeared 
therefore to be predominantly in the muscle vessels. 
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The effect of changes in barometric pressure on maximum 


breathing capacity. By S. Mites. The Royal Naval Physiological 
Laboratory, Alverstoke, Hanis 


Mountaineers find that as altitude increases the air being less dense offers less 
resistance to breathing. Cotes (1954), measuring maximum breathing capa- 
cities (M.B.c.) of groups of 12 and 16 men at sea level and at reduced barometric 
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pressures simulating heights of 10,000, 17,000 and 27,000 ft. showed increases 
above sea level values of 12:2%, 242% and 36% respectively. 

It would therefore seem logical to expect corresponding reduction in M.B.C. 
with increased pressure. To show this twelve divers were subjected to pressures 
of 2, 3 and 4 atm (absolute) equivalent to depths in water of 33, 66 and 99 ft. 
M.B.C. at sea level and then at depth was measured by the method described 
by McKerrow (1953). Preliminary testing showed accuracy of the meter under 
pressures used and a peak resistance of 5 cm H,0 to a flow rate of 100 1./min 
at 4 atm. This small increase in resistance of the apparatus was not considered 
great enough to have any significant effect on the results. 

With pressures of 2, 3, and 4 atm mean decreases in M.B.c. from sea-level 
value were found to be 27-3 + 1-6, 41:14 2-3 and 48-2 + 1-9% respectively. 

These results and those of Cotes (1954) have been plotted on the same graph 
(Fig. 1) and within the limits of the experiments a linear relationship between 
M.B.C. and the logarithm of the barometric pressure is shown. 

Cotes points out that whereas at sea-level cardiac output is the limiting 
factor in maximum effort a stage is reached with altitude where due to rare- 
faction of the air maximum effort becomes limited by the degree of ventilation 
which can be achieved voluntarily. A situation occurs with diving, when the 
M.B.C. becomes inadequate to deal with requirements of heavy work. 
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The effect of nerve section and compression injury on the 
histochemical appearances of cholinesterase in a mixed peri- 


pheral nerve. By R. 8S. Snetx. Department of Anatomy, King’s 
College, London, W.C. 2 


Couteaux & Nachmansohn (1938) showed by chemical analysis that in the 
peripheral part of the cut sciatic nerve of the guinea-pig the concentration 
of cholinesterase after two weeks decreased by about 30°, whereas in the 
neuroma formed at the central end of the cut nerve the concentration increased 
to a value which was twice as high as in the normal nerve. The present research 
was designed to investigate histochemically the exact position of the cholin- 
esterase in the degenerating nerve fibres. 

Forty guinea-pigs were used for the investigation. (a) In seventeen of the 
animals the right sciatic nerve was cut in mid thigh and a 1 cm length removed. 
(b) In a further seventeen animals the right sciatic nerve was cut but the two 
ends were immediately approximated by means of a single silk suture. (c) In 
the remaining six animals the right sciatic nerve was firmly compressed by 
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artery forceps. Animals from each group were killed at intervals over a period 
of six weeks following the operation. The injured sciatic nerve was removed 
from each animal and at the same time the normal nerve was removed from 
the other leg to serve as a control. Frozen sections of the nerves were processed 
using a modification of the technique described by Koelle & Friedenwald (1949). 

In the normal sciatic nerve cholinesterase was found to be present in mode- 
rate amounts in the axons and neurilemmal sheaths. On the experimental 
side in all groups of animals, the concentration of cholinesterase in the proximal 
portion of the nerve remained normal while in the portion distal to the site of 
the lesion the cholinesterase became reduced in amount as degeneration 
proceeded. 

As soon as regeneration commenced the nerve fibrils growing out of the 
proximal stump were found to contain a concentration of cholinesterase much 
greater than that seen in the normal nerve. Similar appearances were noted 
in the nerve fibrils growing along the peripheral neurilemmal tubes in the 
nerves which had been cut and sutured and in those which had been damaged 
by compression. 

These results suggest that the high concentration of cholinesterase present 
in the neuroma as observed by Couteaux ef al. is due to the large quantity of 
this enzyme present in the outgrowing nerve fibrils. 
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The phase velocities of harmonic components of the pulse wave. 
By D. A. McDonatp and M. G. Taytor. Department of Physiology, 
St Bartholomew's Hospital Medical School, London, E.C. 1 


Changes in the phase relations of the components of a compound wave, such 
as the pulse wave, cause a distortion in its shape as it travels. If the pulse 
wave is characterized by a Fourier series, this factor in its distortion can be 
expressed by measuring the apparent phase velocity of its harmonic com- 
ponents. Fourier analysis of pulse waves recorded simultaneously at two 
points in the aorta of the dog, taking a common origin of time, has yielded the 
phase-shifts over a known distance; whence, knowing the frequency, the 
apparent phase velocities have been calculated. 

This has produced some interesting results. The oscillations of lower frequency 
were found to travel faster than those of higher frequency. This effect was 
marked in the abdominal aorta, but was less apparent or even absent in the 
thoracic aorta. Thus, we generally found that frequencies of 2-3 c/s showed 
velocities of 4~6 m/sec in the thoracic aorta, while frequencies of .10-15 c/s 
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were travelling at 3-5-5 m/sec. In the abdominal aorta the velocities were 
respectively 10-15 and 5-10 m/sec. The foot-to-foot velocity in the thoracic 
aorta was about 4 m/sec, and in the abdominal aorta about 6 m/sec. 

The relative increase in velocity of the lower frequencies is contrary to the 
behaviour of propagated oscillations in a fluid-filled pipe of infinite length. 
We therefore attribute it to the effect of reflexions within the arterial tree. 
This hypothesis is supported by the observation that when additional reflexion 
is created by occluding major arterial branches, there is a further increase in the 
apparent phase velocity. 

In steady-state sinusoidal oscillations, a reflected component does not 
appear as a separate disturbance, but determines the phase relationships of the 
whole. Taylor (1957) has estimated the change in apparent velocity in terms 
of the reflexion coefficient, and has shown how it varies with the distance from 
the reflecting point. The relatively small effect that reflexions appear to show 
in the higher harmonics, which largely determine the sharp deflexion at the 
foot of the pulse wave, probably explains why the foot-to-foot velocity bears 
a reasonable relation to the elastic properties of the arteries in spite of the 


existence of reflexions. 
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Effect of methylpentynol on the activity of rats. By 8. E. Dicxsr, 
Hanna and R. H. J. Watson. Department of Pharmacology 
and M.R.C. Group for the Experimental Investigation of Behaviour, 
University College London 

Experiments with methylpentynol on animals have suggested that this sub- 
stance has a considerable sedative effect. The action of methylpentynol on 
human subjects has previously been reported by two of us. The purpose of the 
present investigation was to examine the effect of methypentynol on the 
activity of rats. Activity was measured by the ‘moving activity cage’ method. 
Readings were taken at 5 min intervals during 30 min. Four groups of seven 
rats received graded doses (3-1-12-5 mg/100 g) of methylpentynol, a fifth 
group received a control. The animals were given either a drug or a control 
by mouth 15 min before being put into the cages. The results showed that 
methylpentynol increased the activity; the larger the dose, the greater was the 
activity (P=0-01). 

Exploratory behaviour was also investigated, by counting the number of 
times each rat entered the arms of a cross-shaped runway during 5 min. 
Ten animals were given 12-5 mg/100 g methylpentynol and 10 the control, 
15 min before being put into the runway. The results showed that methyl- 
pentynol increased exploratory behaviour (P=0-03). This procedure was 
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repeated for the next 6 consecutive days, and the difference between treated 
and control rats persisted. As methylpentynol belongs to a group of higher 
alcohols, the effects of an equal molecular solution of ethanol were investigated. 
Ethanol did not increase exploratory behaviour but, if anything, tended to 
decrease it. 

It is suggested that the increase of both activity and exploratory behaviour 
with methylpentynol might be attributed to reduced fear of a new environment. 


The effect of muscle temperature on twitch and tetanus in the 
cat. By Jennirer Mactaean and Exeanor Zarmis. Department of 
Pharmacology, The Royal Free Hospital School of Medicine, London, W.C.1 

During a study of factors influencing skeletal muscle temperature, it was 

observed that, in mammals, the lowering of muscle temperature was always 

accompanied by a decrease of the maximal twitch tension (Bigland & Zaimis, 

1956). This suggested that cooling had a different effect on mammalian muscle 

from that on frog muscle, the twitch tension of which is decreased by a rise in 

muscle temperature (Hill, 1951). 
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Fig. 1. Cat, 4-1 kg chloralose anaesthesia. Electrical recording of isometric maximum twitches of 
tibialis anterior in response to indirect stimulation. Three superimposed twitches at different 
muscle temperatures. 1, 36° C; 2, 30° C; 3, 36° C (after re-warming). 


All the experiments have been carried out on cats under chloralose anaes- 
thesia. Body temperature was varied at the rate of about 4° C per hour by the 
circulation of cold or hot water through a thin rubber bag inserted into the 
abdominal cavity or by modifying the external heating. Twitches and tetani 
of the tibialis anterior muscle were recorded on a smoked drum; the time course 
of the maximum twitch was recorded electrically by means of a capacitance 
strain gauge, while a thermistor was used to measure muscle temperature. 
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As muscle temperature falls the rate of development of tension is reduced, 
the twitch tension decreases, while the over-all duration of the twitch is 
prolonged. A typical result is illustrated in Fig. 1. In this experiment a fall 
in muscle temperature of 6° C delayed the rate of development of tension by 
40%, decreased the peak twitch tension by 22% and prolonged the over-all 
duration of the twitch by approximately 19%. Such results were regularly 
obtained and were reversible. Denervation did not modify the effect of 
cooling. 

As it was expected from the changes in the time course of the single twitch, 
cooling also decreases markedly the frequency of stimulation necessary to 
produce tetanic fusion; and hence the tetanus/twitch ratio becomes higher. 
Maximal tetanic tension however is slightly decreased. 
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exchange of (rabbit), 110 ee 

Sodium conductance, calcium effect on 
relation between membrane potential 
and axon (squid), 222 

Sodium depletion, bone sodium affected 
by acute (rat), 55P 

Spinal cord, cutaneous nerve stimulation 
effect on activity in dorsal horn of 


(cat), 126 
neurones in lumbosacral region of (cat), 


splanchnic afferents pathway i in (cat), 66 
Spinal cord ventral roots, 
direct current stimulation of (frog) (T), 
75P 
afferents, spinal pathway of 
(cat), 66 
Spleen, sympathetic transmitter output 


from (cat), 25P 


XXV 
| anions influence on membrane resistance 
of (frog), 26P 
Pulr anoxia effect on resting potentials of 7 
sinus baroreceptors stimulation effect (rat), 49P 
on (cat), 447 7 
Pulmonary path- 
way of (rat), 4 
79P 
Pulmonary vascular resistance, carotid 
baroreceptor stimulation effect on i 
(dog), 56P, 427 
carotid body chemoreceptor stimulation 
plate potential amplitude affected by - 
size of (frog), 271 - 
S 
response to local mechanical stimulation . 
mal), 374 of (frog), 81P : 
carbon dioxide effect on noradrenaline vapour pressure effect on passage of : 
Rumen, reflex contractions of reticulum q 
7 


Stimulator control, excitation of nerve 
and muscle alternately provided by, 
iP 

Substance P, temperature reduction effect 
on of ileum to (guinea-pig), 


cervical ganglion, electron 
micrographs of synaptic areas in 
(rabbit), 38 P 


Sweat, urea concentration in (man), 261 


Taenia coli, potassium chloride effect on 
membrane potential, electrical activity 
and tension of (guinea-pig), 77 P 
Taste, stimulation and ablation in thalamus 
of pathway of (goat), 22P 
Temperature, atrial arrhythmia affected 
by (rabbit), 86 
ileum J cg affected by reduction of 
(guinea-pig), 396 
rhythmical activity of groups of motor 
units affected by reduced (man), 480 
Tetanus, method of testing drugs effect on 
experimental (T), 11P 
Thalamus, taste pathway stimulation and 
ablation in (goat), 22P 


Threshold, retinal ganglion cell recording 
of absolute (cat), 327 

Toad, blood pressure and pressure pulses 
in arterial arches of, 12 

Tremor, rhythmical activity of groups of 
motor units in (man), 477 

Trotting, work output relation to load 
during (sledge dog), 214 


SUBJECT INDEX 


Udder blood flow, measurement in con- 
scious animal of (goat), 75P 

Ultramicrotome, construction of, 73 P 

Ultra-thin sectioning, skeletal muscle 
examination in electron microscope 
using (T), L1P 

Urea, kidney slice oxygen consumption and 
water content affected by (rat), 21P 

sweat, rate and concentration of (man), 

261 


Velodyne flowmeter (T), 69P 
Ventricular fibrillation, oxygen lack and 
glucose lack effect on (rabbit), 20 P 
Vertebral artery, respiration affected by 

adrenaline injection in (cat, rabbit), 378 
Vision, accommodation and convergence 
relationship in (man), 488 
Visual acuity, ‘off’ mechanisms and (man), 


(rabbit), 

Voluntary contraction, rhythmical acti- 
vity of groups of motor units in (man), 
473 

Voluntary hyperventilation, humoral 
vasodilation in forearm during (man), 80 


Walking, work output relation to load 
during (sledge dog), 214 

Work output, gait and load effect on (sledge 
dog), 214 

Wound healing, 

(rabbit), 36P 


effect on 


7 Vagotomy, adrenaline hyperpnoea affected 
48P 
Vitreous humour, sodium exchange be- 
| Thermal balance, body temperature 
7 control in (man), | 
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